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Summary  
 
The primary aim of this thesis was to investigate in-vivo changes to ocular morphology 
during ocular accommodation, with particular attention to ciliary muscle changes, using 
pharmacological agents and physiological stimuli.  
 
To determine the optimum target for accommodation studies, accommodative 
responses to different stimuli were investigated. Insignificant differences in 
accommodative responses to a letter target and Maltese cross were found. 
 
Anterior Segment Optical Coherence Tomography (AS-OCT) and semi-automated 
software were used for in-vivo investigation of ciliary muscle morphology. As expected, 
anti-muscarinic agents reduced the accommodative amplitude, the greatest effect 
evident with cyclopentolate hydrochloride 1%, which was, in turn, associated with a 
reduced forward movement of the ciliary muscle, possibly due to the restricted 
movement of radial and longitudinal fibres.  
 
Pilocarpine nitrate 2% induced a contractile shortening and anterior thickening of the 
ciliary muscle in both pre-presbyopic and presbyopic eyes. However, pilocarpine does 
not seem to be a super-stimulus for accommodation. Comparison between 
cyclopentolate and pilocarpine ciliary muscle morphology further supported the concept 
that anterior movement of ciliary muscle mass is essential to elicit higher 
accommodative amplitudes. 
  
Ciliary muscle asymmetry was identified between horizontal and vertical meridians. 
The findings confirmed a longer ciliary muscle in axial elongated eyes, however, only 
within the temporal, nasal, and superior muscle quadrants. Nevertheless, during 
accommodation, anterior thickening and contractile shortening of the muscle was 
evident for all four quadrants.  
 
The effect of accommodation on posterior eye conformation revealed a homogenous 
elongation of the posterior pole, with the greatest expansion occurring along the 
inferior-nasal quadrant, rather than the visual axis. The possibility of a vitreous role in 
accommodation is discussed.  
 
The studies presented herein suggest a forward movement of ciliary muscle mass is 
necessary for accommodation. Further research is required to establish whether a 
mechanical restriction occurs to the muscle with increasing age, resulting in 
presbyopia. Moreover, investigations are required to explore the variation in ciliary 
muscle morphology in eyes with ametropia, as well as the likely role of the vitreous in 
accommodation.  
 
Key words: accommodation, ciliary muscle, anti-muscarinic, parasympathomimetic, 
retinal contour 
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Chapter 1. Accommodation, presbyopia and ocular shape 
 
1.1. Introduction 
 
Ocular accommodation is defined as the adjustment to the dioptric power of the eye 
(Millodot, 2009), which results from changes within the accommodative apparatus, that 
constitutes the ciliary muscle, Zonules of Zinn and the crystalline lens. Within the last 
century, vast research has been conducted to elucidate the processes which produce 
the rapid change in ocular power, yet, the mechanisms are not fully understood. 
Research relating to accommodation is important considering a loss of accommodative 
amplitude occurs with increasing age that affects 100% of the population and 
subsequently impacts an individual’s lifestyle (Holden et al., 2008).  
 
Several theories relating to the possible processes which are involved in 
accommodation have been established from animal studies (e.g. Bito et al., 1987), 
since a range of invasive methods can be used to stimulate the accommodative 
apparatus (i.e. via the Edinger-Westphal nucleus in rhesus monkeys) and visualise the 
ocular structures (e.g. iridectomised eyes), such as the ciliary muscle that has a 
primary role in accommodation. However, the lack of in-vivo studies in humans has 
limited our knowledge of the contractility and mobility of the muscle during 
accommodation and the changes which result with age. Indeed, in-vitro studies have 
documented biological changes that occur with increasing age which may explain the 
loss in accommodative amplitude in humans (Tamm et al., 1992b; Pardue and Sivak, 
2000) and monkeys (Tamm et al., 1992c). 
 
In-vivo studies in humans are dependent on non-invasive instrumentation. Various 
techniques for investigating the accommodation apparatus have been developed and 
utilised in accommodation research, such as Scheimpflug photography (Brown, 1973; 
Dubbelman et al., 2001; Dubbelman et al., 2003; Rosales et al, 2006; Hermans et al., 
2007), A-Scan ultrasonography (Glasser and Kaufman, 1999), magnetic resonance 
imaging (Strenk  et al., 1999; Kasthurirangan et al., 2011; Sheppard et al., 2011) and 
optical coherence tomography (Baikoff et al., 2004, Sheppard and Davies 2010b). 
Therefore, it could be argued that the higher resolution of instrumentation within recent 
years has contributed to our understanding of the finite adjustments which occur within 
the accommodative apparatus and the possible mechanism which results in an 
increased dioptric power of the eye. 
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Indeed, investigations of the ciliary muscle using optical coherence tomography has 
revealed ciliary body asymmetry (Glasser et al., 2001; Sheppard and Davies, 2010b) 
within the horizontal meridian, as well as the morphological changes which occur 
during accommodation (e.g. Richdale et al., 2013). Preservation of ciliary muscle 
contractility with age in humans has been documented (Sheppard and Davies, 2011), 
suggesting the cause of presbyopia is primarily due to lenticular factors. Yet, removal 
of the lens substance and replacement with accommodating intraocular lenses fails to 
restore accommodative ability, with minimal objective increase in accommodative 
responses reported (Macsai et al., 2006). Considering evidence from in-vivo and in-
vitro studies have provided the basis for the theories behind surgical procedures which 
aim to reinstate the accommodative amplitude, their lack of success indicates further 
research is critical relating to the contractility and mobility of the ciliary muscle.  
 
Consequently, the following is a review of the significant findings which have 
contributed to the field of accommodation and presbyopia, and the key aspects 
relevant to the present thesis. A detailed account of the anatomical structures within 
the accomodative apparatus is provided, as well as theories relating to accommodation 
and presbyopia.  
1.2.  Anatomy of the accommodative apparatus and auxiliary structures 
1.2.1. Crystalline lens 
 
The human lens forms at approximately 28 days gestation (Augusteyn, 2010), when 
the surface ectoderm overlying the optic vesicle thickens and forms the lens placode. 
Several foldings occur within the lens placode producing the lens vesicle (Augusteyn, 
2010; Kuszak, 1995a) which is completely formed by day 56 (Augusteyn, 2010). The 
cells on the anterior surface of the lens (the area of the lens towards the cornea) are a 
single layer of cuboidal cells (Beebe et al, 2001) that structurally form the lens 
epithelium. The cells are adjoined by interdigitations allowing the structure to change 
shape and stabilise during accommodation (Cohen, 1965) and functionally secrete a 
structureless hyaline membrane, which creates the lens capsule, a structure which 
encases the content of the lens (Kuszak, 1995a; Davson, 2012). The cuboidal cells at 
the equator and posterior face of the lens eventually differentiate into primary lens 
fibres (Kuszak, 1995a). The posterior fibres elongate first and lose their nuclei; at the 
equator the cells arrange into meridional rows and extend forwards and backwards 
towards the anterior and posterior poles of the lens, respectively. The nuclei within the 
cells recede as the cells elongate and curve around the poles; eventually the nuclei 
and other organelles within the fibres disappear (Davson, 2012) creating a transparent 
15 
 
body (Bassnett, 2002). As new fibres are continuously formed beneath the lens 
epithelium, older fibres are pushed deeper into the lens (Davson, 2012; Augusteyn, 
2010; Beebe et al., 2001).  
 
Secondary lens fibres are formed by mitosis from stem cells that exist within the 
germinative layer, which is a narrow band of cells anterior to the lens equator. Beneath 
the germinative layer, columnar cells with a hexagonal cross-section known as 
transitional cells, migrate posteriorly and rotate 180˚ and extend into secondary fibres. 
The lens growth is continuous throughout life due to the constant formation of 
secondary lens fibres. The periphery of the lens consists of elongating fibres organised 
within incomplete shells, referred to as the bow region (Kuszak, 1995a), a term applied 
since the nuclei of elongating cells remain central as the cells elongate, giving the cells 
a bow like appearance (Wanko and Gavin, 1959; Kuszak, 1995a; Augusteyn, 2010). 
The secondary fibres detach from the lens epithelium anteriorly and the lens capsule 
posteriorly and overlap with newly matured secondary fibres around a polar axis to 
form sutures (Kuszak, 1995b).  
 
 
 
 
 
 
 
 
 
 
 
 Anterior lens capsule  
Lens fibres  
Epithelial cells  
Germinative layer  
 
 
Figure 1-1. Diagram depicting the crystalline lens structure. The thin anterior lens 
capsule encapsulates the epithelial cells. Secondary lens fibres form within the 
germinative layer. The concentric lens fibres exist in the deeper layers of the lens. 
(Diagram based on Kuszak (1995a). The ultrastructure of epithelial and fibre cells in 
the crystalline lens, pg 309.  
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The crystalline lenses of most mammals (e.g. mice, rats, guinea pigs, sheep) form 
anterior and posterior Y-sutures. The posterior sutures are created when the fibres 
extend to the poles of the lens, more so to the posterior pole than the anterior pole. The 
fibres overlap and orientate 120˚ to one another, forming three suture branches on the 
posterior lens surface and one suture branch at the anterior pole (Kuszak, 1995b; 
Kuszak, 2004). The suture complexes vary between species; for example, the lens 
fibres in avian eyes form from lens epithelial fibres which are arranged as concentric 
shells. The fibre ends contact at the anterior and posterior lens, producing a simpler 
branchless umbilical suture (Kuszak, 2004).    
 
Indeed, the lens can be divided into nuclear, cortical and capsular zones (Sparrow et 
al., 1986) and the nucleus further subdivided into infantile, foetal and embryonic (Duke-
Elder and Wybar, 1961 cited by Augusteyn 2010). Therefore, the different definitions 
for the regions by research groups can complicate the comparison of the data from in-
vitro and in-vivo investigations of the crystalline lens (Augusteyn, 2010).    
Taylor et al (1996) characterized the fibres of eight human lenses (age range 44 to 62 
years old) and subdivided the lens into five regions, each defined by the age at which 
the fibre cells were formed:  
 Deep cortex had non-nuclear fibre cells 
 Embryonic nucleus formed from the 6 weeks after fertilisation 
 Fetal nucleus was defined as containing cell fibres from the 7th week of 
development until birth 
 Juvenile nucleus from the cells formed from birth to puberty 
 Adult nucleus defined as the cells formed since puberty 
The fibre cells within the adult nucleus are compact as they consume a smaller area (7 
± 2 µm2) compared to foetal nucleus (35 ± 22 µm2). Furthermore, the adult and foetal 
nuclei contribute to the greatest thickness of the lens (21% and 49%, respectively), 
supporting evidence of the formation of new fibres throughout life, as well as the 
variation of the growth rates between the regions (Taylor et al., 1996). The capsular 
thickness increases throughout life, particularly the anterior capsule in comparison to 
the posterior (Seland, 1974). Consequently the weight of the lens increases with age 
(Davson, 1980; Glasser and Campbell, 1999): it is 130 mg at 0-9 years of age and 255 
mg at 80 to 89 years of age (Davson, 1980).  
 
The lens does not have a nerve supply, nevertheless, muscarinic receptors (G-protein 
coupled receptors, GCPR; Fryer et al., 2012), have been identified within the anterior 
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lens epithelium of the human eye, specifically the M3 (Gupta et al., 1994; Collison et 
al., 2000) and M1 receptor (Collison et al., 2000; Collison and Duncan, 2001). 
Consequently, activation of membrane potentials are possible when human lenses are 
placed in acetylcholine solution. Although the receptors remain responsive to 
acetylcholine throughout life, the amplitude of the response declines with age (at 50 
years amplitude of membrane potential is approximately 1.8 mV, at 62 years the 
amplitude of the membrane potential is approximately 1 mV) (Thomas et al., 1997). 
Furthermore, the resting potential of the membrane reduces with age. Therefore, it 
seems muscarinic receptors remain functional throughout life but the magnitude of the 
electrical pulse of the lens reduces with age (Thomas et al., 1997). Considering the 
lens is not innervated, it is possible the muscarinic receptors may have a role for cell 
homeostasis (Nietgen et al., 1999) to prevent the formation of lenticular opacities. For 
example, it has been suggested the use of parasympathomimetic drugs such as 
pilocarpine can induce cataracts (Shaffer and Heterington, 1966) due to the disruption 
of muscarinic receptors within the lens.  
1.2.2. The ciliary body 
 
During foetal development, bilateral invaginations of the diencephalon produce the 
optic vesicles. Folding of the distal portion of the optic vesicles forms the optic cup 
(Beebe, 1986). The outer margins of the optic cup are in close proximity to the lens 
vesicle (Graw, 2010) which induce the differentiation of the optic cup into the ciliary 
body and iris by the expression of genes specific to these structures (Thut et al., 2001). 
The ciliary body is an anterior extension of the choroid and retina (Tamm and Lütjen-
Drecoll, 1996) and lies within the uveal tract and develops in the 11th to 12th week after 
fertilisation (Forrester et al., 2008 pg 130). The folding of the optic cup produces a 
bilayered structure which differentiates into the ciliary epithelium; the inner layer 
produces the non-pigmented epithelium and the outer layer forms the pigmented 
epithelium (Beebe, 1986; Tamm and Lütjen-Drecoll, 1996; Oyster, 1999 pg 447). The 
pigmented ciliary epithelium contains melanin (Oyster, 1999) and is continuous with the 
retinal pigment epithelium (Beebe, 1986), whereas the non-pigmented epithelium is 
devoid of pigment molecules and is continuous with the sensory retina (Beebe, 1986; 
Tamm and Lütjen-Drecoll, 1996). The basal face of the non-pigmented epithelium is in 
contact with the posterior chamber and vitreous body (Tamm and Lütjen-Drecoll, 
1996); the morphology and function of the non-pigmented epithelium varies depending 
on its location (Freddo and Gong, 1971; Tamm and Lütjen-Drecoll, 1996; Streeten 
2006).   
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The ciliary body extends anteriorly from the ora serrata to the iris root and is a unique 
structure which has three purposes (Freddo and Gong, 1971): 
 Producing and secreting aqueous humour into the posterior chamber of the 
eye; 
 Drainage of aqueous humour from the eye;  
 Ability to change the focussing power of the eye via changes to the ciliary 
muscle.  
The inner surface of the ciliary body can be divided into two regions (Tamm and Lütjen-
Drecoll, 1996): the posterior portion is referred to as the pars plana and the anterior 
portion known as the pars plicata, as shown in Figure 1-2. 
 
 
 
           
 
 
 
 
 
 
Figure 1-2. The ciliary body can be divided into the Pars Plana and the 
Pars Plicata. 
 
The pars plicata contains the ciliary processes which are pale radiating undulations 
consisting of 70-80 ciliary processes, each approximately 0.5 mm wide and 1 mm in 
height (Tamm and Lütjen-Drecoll, 1996; Streeten, 2006). The ciliary processes secrete 
aqueous humour (Cole, 1977) and the valleys between the processes anchor the 
zonular fork (discussed further below) (Rohen, 1979; Tamm and Lütjen-Drecoll, 1996). 
The posterior surface of the iris is continuous with the pars plicata (Tamm and Lütjen-
Drecoll, 1996) and the anteroposterior length of the pars plicata within the adult eye is 
approximately 2 mm (Streeten, 2006).  
The pars plana contacts the vitreous body, and contains smooth muscle fibres which 
form the ciliary muscle (Tamm and Lütjen-Drecoll, 1996).  
 
 
 
Pars Plicata  
Pars Plana  
Radial 
fibres  
Longitudinal fibres  Circular 
fibres  
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1.2.3. The ciliary muscle  
 
The ciliary muscle was discovered in the early 1800s and several anatomists are 
credited for recognising its location, including Phillip Crampton, Ernst Brücke and 
William Bowman (Harper, 2014). Recent histochemical and ultrastructural examination 
of the ciliary muscle, within various species, has enhanced our understanding of the 
muscle’s function. Light microscopy of the ciliary muscle of the gallus domesticus, a 
breed of chicken, reveals the muscle has a striated appearance as evident for skeletal 
muscle (Tedesco et al., 2005). Furthermore, Van der Zypen (1967) suggested the 
ciliary muscle of the monkey also has a similar structure to skeletal muscle (cited by 
Flügel et al., 1990), however, cell cultures from human donor eyes (age range 16-91 
years) reveal the ciliary muscle is a smooth muscle (Tamm et al., 1991a). The growth 
of the ciliary muscle has been documented, in-vitro, in albino guinea pigs between 1 
and 90 days of age since guinea pigs are useful animal models for investigating ocular 
growth due to their fast development and reproduction in comparison to humans and 
higher primates (Pucker et al., 2014). The volume of the ciliary muscle increases with 
normal eye growth, which can be attributed to the muscle becoming longer and thicker 
as it reaches adult parameters at 90 days of age (Pucker et al., 2014). Furthermore, 
the development of the nasal and temporal ciliary muscle remains symmetrical 
throughout life, however, the cells of the nasal ciliary muscle increase in size with age 
(Pucker et al., 2015). In contrast, the ciliary muscle dimensions are asymmetric within 
the human and monkey eye, with a longer ciliary muscle length on the temporal side 
compared to the nasal aspect (Streeten, 2006; Sheppard and Davies, 2010b).  
 
Studies investigating the human ciliary muscle have been conducted for several 
decades and many aspects of the ultrastructure has been described. The human ciliary 
muscle consists of tightly contained cells which form bundles and have spaces in 
between which contain peripheral nerve fibres, fibrils, fibroblasts and connective tissue, 
specifically collagen (Ishikawa, 1962). The ciliary muscle has the form of a right angled 
triangle which lies immediately beneath the ciliary processes. The outer surface of the 
muscle lies against the sclera, with the supra-choroidal lamina lying in between both 
structures. The ground plate, which contains the elastic lamina extension from Bruch’s 
membrane of the choroid, blood vessels and connective tissue, lies between the ciliary 
muscle and the ciliary epithelium (Tamm and Lütjen-Drecoll, 1996).  
 
There are three types of muscle fibres which comprise the ciliary muscle. The fibres 
vary in orientation and are described as longitudinal, radial and circular. The 
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longitudinal fibres are the outermost fibres which attach loosely to the inner surface of 
the sclera. The elastic fibres within the tendons of the longitudinal portion extend 
anteriorly to attach to the elastic fibres of the scleral spur (Tamm et al., 1992a; Tamm 
and Lütjen-Drecoll, 1996), which is an anterior extension of scleral tissue that extends 
inwards at the posterior limit of the trabecular meshwork (Freddo and Gong, 1971). The 
longitudinal fibres are parallel to one another (Ishikawa, 1962) and extend to the 
posterior chamber where their expansions insert into the anterior choroid (Oyster, 
1999). The radial fibres are located towards the centre of the ciliary muscle and they 
radiate from the anterior chamber angle to the ciliary processes; the inner circular 
portion runs parallel with the margins of the cornea (Tamm and Lütjen-Drecoll, 1996). 
The density of connective tissue between the fibres is greater in the radial section 
compared to the longitudinal fibres (Ishikawa, 1962). The radial fibres extend 
posteriorly to attach at the elastic lamina of Bruch’s membrane (Ishikawa, 1962) which 
suggests the ciliary muscle may have a role in the movement of the retina and ora 
serrata during accommodation (Enoch, 1976) and could explain the occurrence of 
retinal detachments with the use of strong miotics (Westsmith and Abernethy, 1954 
cited by Tamm and Lütjen-Drecoll, 1996).  
 
Although the ciliary muscle can be subdivided into separate regions, the histological 
division is not as defined; rather the longitudinal fibres are mostly present within the 
outer muscle, whereas the circular fibres predominant in the anterior-inward locations 
of the muscle and the characteristics gradually change throughout the ciliary muscle 
(Ishikawa, 1962). Furthermore, during foetal and neonate development, the 
ultrastructural differences in the smooth muscle fibres are not seen, suggesting the 
formation of radial and circular fibres occur post-natally (Lütjen-Drecoll et al., 1988a; 
Forrester et al., 2008 pg 130). Pardue and Sivak (2000) also noted that the muscle 
groups were not distinguishable in the ciliary muscle from a 1 year old donor, 
specifically, the orientation of circular fibres. 
 
The differences in the ciliary muscle ultrastructure allows different aspects of the 
muscle to provide unique functions. The longitudinal portion of the ciliary muscle is 
connected to the scleral spur (Tamm et al., 1992a) and trabecular meshwork indicating 
the ciliary muscle may be involved in regulating aqueous outflow (Uga, 1968. Abstract 
only). The radial and circular regions are located within the anterior muscle, therefore, 
may have evolved in order to provide an accommodative function (Ebersberger et al, 
1993. Abstract only).  
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The anterior portion of the ciliary muscle has a small cross-sectional area and minimal 
stiffness in its relaxed state, however, during accommodation it is essential the anterior 
portion stiffens prior to muscle contraction in order for the muscle to move forward 
(Flügel et al., 1990). Flügel and colleagues (1990) stated such a function would be 
possible if different fibres exist such as the fast twitch and slow tonic fibres often 
observed in skeletal muscle. Comparison of the ciliary muscle and smooth muscle of a 
blood vessel to skeletal muscle (larynx, diaphragm, pectoral and extraocular muscle) of 
the cynomolgus monkey revealed the tips of longitudinal muscle fibres have a greater 
staining for myosin ATPase which resembles the staining of the fast fibres from striated 
muscle; this suggests the longitudinal muscle tips (anterior attachment of the ciliary 
muscle to the scleral spur) contract faster than the rest of the muscle and provide an 
effective stiffness for accommodation (Flügel et al., 1990). Additionally, the existence of 
microfibrils and myofilaments between smooth muscle cells and the extracellular matrix 
may be important for maintaining mechanical tension when the ciliary muscle contracts 
(Tamm and Lütjen-Drecoll, 1996). Further support for various functions of the ciliary 
muscle are evident from the diverse concentration of proteins within the different 
locations of the muscle (Flügel-Koch et al., 2009). Considering the posterior ends of the 
outer longitudinal ciliary muscle insert into Brüchs membrane of the choroid suggests 
the presence of muscular mechanoreceptors at this region could control the fine 
movements of the ciliary muscle to maintain an accurate focus during accommodation. 
Alongside the calretinin-IR terminals within the anterior longitudinal portion of the ciliary 
muscle, nerve endings between muscle fibres formed close connections with the 
elastic-like tendons, suggest such a region controls sheer stress during 
accommodation. Furthermore, intrinsic neurons have also been identified within the 
various regions of the ciliary muscle suggesting the fine control of accommodation 
could be controlled internally (Flügel-Koch et al., 2009).  
 
Ciliary muscle dimensions, area of muscle fibre groups and quantity of connective 
tissue within the muscle have been assessed histologically from human eyes (Tamm et 
al., 1992b; Pardue and Sivak, 2000) to determine the changes which occur with age. 
With increasing age, the longitudinal fibres account for the greatest area (range 41-
69%) followed by radial fibres (range 25-47%) and circular fibres (range 4-24%) 
(Pardue and Sivak, 2000). Within older eyes, the circular fibres form bundles near the 
anterior and internal edge of the muscle, and radial fibres cross obliquely from the 
scleral spur to the internal edge of the muscle (Pardue and Sivak, 2000).   
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A reduction to the total length (Tamm et al., 1992b, Pardue and Sivak, 2000) and area 
(Tamm et al., 1992b) of the muscle has also been shown to occur with advancing age, 
although there is disagreement as to whether the width increases (Pardue and Sivak, 
2000), or remains the same (Tamm et al., 1992b). However, in-vivo analysis of the 
ciliary muscle indicates a reduction in the width at locations representing 50% (CM50) 
and 75% (CM75) of the ciliary muscle length in presbyopic eyes (Sheppard and 
Davies, 2010b), which supports evidence for a quantitative decrease in longitudinal 
fibres (Tamm et al., 1992b). 
 
Within the anterior region of the muscle, at the location of maximum thickness, there is 
a significant increase in width with age by 2.8 µm/ year nasally and 3 µm/ year 
temporally (Sheppard and Davies, 2010b). Furthermore, a reduction of the distance 
between the inner apex and the scleral spur has been observed in-vitro (Tamm et al., 
1992b, Pardue and Sivak, 2000) and in-vivo with similar findings for the nasal and 
temporal ciliary muscle (reduction of 4.7 µm/ year nasally and 4.1 µm/ year temporally; 
Sheppard and Davies, 2010b). The findings therefore suggest there is an anterior-
inward movement of the ciliary muscle with age. Pardue and Sivak (2000) also 
identified the anterior length of the muscle becomes shorter whereas the posterior 
length increases with age suggesting the internal apical edge of the ciliary muscle 
moves forward with age.  
 
The connective tissue between the ciliary muscle fibre bundles increases with age, 
particularly within the circular and radial fibre groups (Tamm et al., 1992b, Pardue and 
Sivak, 2000). The connective tissue within the longitudinal region contributes to 20% of 
the total area in age groups 50-85 years (Tamm et al., 1992b); in contrast, the 
connective tissue within the radial portion shows the greatest increase with age. For 
example, 30-40 year old eyes have connective tissue which contributes to 20% within 
the region and there is an increase of 1:1 ratio of ciliary muscle fibre to connective 
tissue with increasing age. The connective tissue within the circular portion also 
increases with age, with approximately half of the region consisting of connective tissue 
in eyes older than 60 years (Tamm et al., 1992b), although the increase of tissue does 
not appear to affect the contraction of the muscle with age (Pardue and Sivak, 2000) as 
a similar magnitude of contractility has been reported between infant and presbyopic 
eyes (Van Alphen, 1976).  
 
The possibility for the quantity of fibres within the muscle to alter with age has been 
reported. Pardue and Sivak (2000) noted an increase of the radial fibres with age and a 
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fairly stable quantity of circular fibres, whereas Tamm et al (1992b) did not report any 
change to the area of the radial fibres with age but did report an increase of the circular 
fibres. The differences in the findings could be due to the sample size as Pardue and 
Sivak (2000) quantified their data from seven participants, whereas Tamm et al (1992) 
used data from ninety five eyes and divided their samples depending on horizontal and 
vertical ciliary muscle orientation. Nevertheless, in-vivo findings support the results of 
Pardue and Sivak (2000) since 25% (CM25) of the ciliary muscle length, which mostly 
consists of circular fibres, does not appear to alter with age (Sheppard and Davies, 
2010b).  
1.2.4. Extrinsic innervation to the ciliary muscle 
1.2.4.1. Parasympathetic innervation 
 
The multi-unit smooth ciliary muscle also has a dense innervation in order to provide 
fast contraction and relaxation (Ishikawa, 1962; Lütjen-Drecoll et al., 1988a). The 
primary extrinsic innervation to the ciliary muscle is provided by the parasympathetic 
nervous system (Warwick, 1954; Tamm and Lütjen-Drecoll, 1996; Ciuffreda, 1998). It is 
generally accepted the pre-ganglionic fibres of the ciliary muscle originate at the 
Edinger-Westphal nucleus, which supplies the autonomic innervation to the eye 
(Warwick, 1954). The pre-ganglionic nerve cells travel along the third cranial nerve 
(oculomotor nerve) to the ciliary ganglion where they relay. Consequently, some post-
ganglionic fibres travel to the pupil and others travel to the ciliary muscle mostly via the 
short ciliary nerves. The nerve cells enter the ciliary muscle bundles and although they 
lose their myelin, the Schwann cells remain (Tamm and Lütjen-Drecoll, 1996). The 
parasympathetic innervation mediates positive accommodation by providing a rapid 
change in the focussing power of the eye which has a fast onset of action (1-2 
seconds). 
 
 
 
 
 
 
 
In-vitro analysis of ciliary muscle from human presbyopic eyes (age range 53 to 91 
years) using light microscopy reveals the localization of ganglion cells within the 
muscle bundles of reticular and circular portion, rather than within the cell bundles 
Oculomotor nerve 
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Figure 1-3. Schematic diagram of the parasympathetic pathway to the ciliary muscle. 
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(Tamm et al., 1995). Ganglion cells are located within the inner border of the ciliary 
muscle whereas the cells are absent within the longitudinal portion. Ganglion cells vary 
in size between 10 µm and 30 µm, with even distributions throughout the inner regions 
of the muscle (Tamm et al., 1995). Three types of neuromuscular junctions have been 
identified in the ciliary muscle of human eyes (Ishikawa, 1962). The first type has a 
basement membrane between the membranes of the muscle and nerve endings and is 
the most frequent neuromuscular junction; the second type occurs less frequently than 
the first and innervates a few muscle cells due to the proximity of the synaptic 
membranes and the absence of a basement membrane between the muscle and nerve 
cells; the third type occurs rarely and consists of a larger nerve ending which contacts 
several muscle cells (Ishikawa, 1962).  
 
The neurotransmitter of the parasympathetic nervous system is acetylcholine which 
acts upon two classes of cholinergic receptors: nicotinic and muscarinic. Within the 
autonomic nervous system five subtypes of muscarinic receptors have been identified: 
M1, M2, M3, M4 and M5 (Hammer et al., 1980; Caulfield and Birdsall, 1998). 
Muscarinic receptors are present within the ciliary muscle (Lograno and Reibaldi, 1986) 
and all five receptor subtypes have been identified (Zhang et al., 1995). The M3 
receptors are the most abundant within the ciliary body (Woldemussie et al., 1993; 
Matsumoto et al., 1994; Gil et al., 1997) and are thought to mediate the contraction of 
the ciliary muscle as established in bovine (Masuda et al., 1998), rhesus monkeys 
(Poyer et al., 1994) and human tissue (Woldemussie et al., 1993). M1 receptors have 
been identified within the ciliary processes (Gil et al, 1997) and the ciliary muscle of 
human tissue (Zhang et al., 1995) and there is a low abundance of M4 receptors in the 
ciliary body (Gil et al, 1997; Zhang et al., 1995). Such findings are in contrast to bovine 
eyes where M3 muscarinic receptors dominate within the ciliary processes, and minor 
amounts of M2 and M4 subtypes are present (Honkanen et al., 1990). There are 
copious M2 and M3 muscarinic receptors within the circular region of the human ciliary 
muscle. The presence of both types of receptors within a localised region may indicate 
that both receptors have a conditional role in modulating the contraction of smooth 
muscle, like in gastrointestinal smooth muscle (Unno et al, 2003), or the M2 receptor 
may have a passive role in the presence of the M3 receptor for smooth muscle 
contraction, as determined in transgenic mice (Matsui et al., 2000). Poyer et al (1994) 
were unable to exclude the existence of M2 receptors in the longitudinal and circular 
portion of the rhesus monkey ciliary muscle and suggested the receptors do exist but 
probably do not mediate the contractile response. The M5 receptor is predominantly 
present in the longitudinal portion of the muscle (Zhang et al., 1995). The exact 
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function of the M3 receptor is difficult to determine considering the receptor has also 
been identified within the human trabecular meshwork (Shade et al., 1996; Wiederholt 
et al., 1996). Subsequently, the evidence of M2, M3 and M5 muscarinic subtypes within 
the ciliary muscle impedes a conclusion that the difference in abundance of receptors 
within each region of the ciliary muscle are responsible for the differential function of 
aqueous outflow and accommodation (Zhang et al., 1995).  
 
The exact process which produces a contraction of the ciliary muscle is still unknown. 
Evidence suggests the in-situ ciliary muscle of human and cynomolgus monkeys does 
not contain gap-junctions (Samuel et al., 1996) suggesting electrical activity does not 
spread from cell to cell. However, in-vitro tissue cultures of human ciliary muscle cells 
indicate gap junctions exist, a finding probably due to the lack of masked expression 
from the abundant parasympathetic nerve terminals (Tamm et al., 1991a). There is 
conflicting evidence regarding the major source of ciliary muscle contraction. For 
example, evidence from an in-vitro study on bovine ciliary muscle (Suzuki, 1983) 
demonstrated the muscle contracts in a solution with high potassium, as well as 
electrical stimulation of the muscle. However, the responses were abolished with the 
application of atropine, suggesting the muscarinic receptors are predominantly involved 
in ciliary muscle contraction. Also, electric simulation of the human ciliary muscle elicits 
a response which is 85-90% of the maximum produced by carbachol (Lograno and 
Reibaldi, 1986). Such findings suggest the contraction of the human ciliary muscle is 
likely to be due to the release of acetylcholine from short ciliary nerve terminals, rather 
than from the depolarisation of the muscle cells as a consequence of excitation of the 
muscle cell membrane. However, Lograno and Reibaldi (1986) disagreed and found 
that the use of the non-selective antagonist atropine reduced the twitch response of the 
ciliary muscle but did not abolish it when long pulses of electrical simulation were used. 
Thus, in contrast to Suzuki (1983), the findings suggest the mechanical activity of the 
ciliary muscle is only partly due to the neurotransmitter acetylcholine (Lograno and 
Reibaldi, 1986).  
1.2.4.2. Sympathetic innervation 
 
There is evidence to suggest the ciliary muscle, like other smooth muscle, has a dual 
innervation. The diencephalon provides the sympathetic supply to the ciliary muscle; 
the fibres travel to the lower cervical and upper thoracic regions of the spinal cord, 
where they synapse in the spinociliary centre of Budge. Second order nerves exit the 
spinal cord through the cervical and last two thoracic ventral roots. The pre-ganglionic 
fibres travel up through the cervical sympathetic chain, where they synapse in the 
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superior cervical ganglion. The third order fibres enter the orbit either with the first 
division of the trigeminal nerve or individually, where they combine with the long and 
short ciliary nerves, in such case passing through the ciliary ganglion without synapsing 
(Cuiffreda, 1998).  The neurotransmitter of the sympathetic nervous system is 
norepinephrine which acts upon two classes of adrenergic receptors: alpha (α) and 
beta (β).  
Sympathetic terminals exist within the ciliary muscle of rhesus and cynomolgus 
monkeys, which contribute to 1% of the total terminals, suggesting a minimal function 
of the adrenergic innervation to the ciliary muscle (Ruskell, 1973). Not all mammals 
exhibit sympathetic innervation to the ciliary muscle, for example, bovine (Suzuki, 
1983b). 
Van Alphen (1976) investigated the presence of adrenergic receptors on the human 
ciliary muscle using various selective and non-selective adrenergic agonists, and 
acetylcholine. The longitudinal and circular segments of the ciliary muscle responded to 
acetylcholine, however, the catecholamines also induced the relaxation of the ciliary 
muscle. The non-selective catecholamine, isoproterenol, had the greatest potency for 
relaxation of the muscle, followed by norepinephrine. Thus, Van Alphen concluded the 
human ciliary muscle mostly contained beta receptors and possibly a few alpha 
receptors (Van Alphen, 1976) a finding supported by Zetterström and Hahnenberger 
(1988). Investigations of the adrenoceptors at the longitudinal and circular portions of 
the human ciliary muscle, with the use of various adrenoceptor antagonists and 
agonists, suggests both α1 and β2 receptors are present within the circular and 
longitudinal regions. However, the results indicated inter-individual differences of the 
ciliary muscle responses to the various agents used, possibly due to the tissue 
handling and specimens used (Zetterström and Hahnenberger, 1988). In contrast, 
Lograno and Reibaldi (1986) investigated the human ciliary muscle in-vitro of 10 donor 
eyes and concluded the muscle only comprises β2 receptors and alpha receptors are 
absent since the ciliary muscle did not contract with the use of phenylephrine. 
However, Zetterstom and Hahnenberger (1988) determined phenylephrine only 
produced a response in 5 of the 12 eyes used and rather noradrenaline, a non-
selective adrenoceptor agonist, relaxed the ciliary muscle in all the ciliary muscle tissue 
samples used. Therefore, the contrasting findings between both studies suggests the 
sensitivity of the ciliary muscle to phenylephrine is reduced in-vitro and cannot be used 
to rule out the presence of α1 adrenoceptors.  
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Although sympathetic innervation to the ciliary muscle has been identified (Tamm and 
Lütjen-Drecoll, 1996; Rosenfield and Gilmartin, 1998; review Gilmartin, 1986) with 
axons located near the walls of blood vessels and melanocytes of the muscle (Tamm 
and Lütjen-Drecoll, 1996), there is evidence to suggest the sympathetic nervous 
system may have an anatagonisitc role in positive accommodation (Cogan 1937; 
Garner et al., 1983). In-vivo electrical stimulation of beta-adrenoceptors of the ciliary 
muscle within twenty three African green tail monkeys also provides evidence for an 
antagonistic innervation and that beta receptors have a role in disaccommodation since 
stimulation of the receptors with isoproterenol reduced the accommodative response. 
Also, using propranolol, a beta-blocker, prior to the use of isoproterenol, produces a 
decrease in the accommodative response, but does not eliminate accommodation 
completely and rather 3-4 D of accommodation remain (Hurwitz et al., 1972). The use 
of hydroxyamphetamine hydrobromide (an alpha and beta adrenergic agonist) and 
phenylephrine hydrocholoride (alpha-adrenergic agonist) on eight human volunteers, 
revealed a reduction in the accommodative amplitude; the greatest reduction occurred 
with hydroxyamphetamine hydrobromide, suggesting the beta receptors are primarily 
involved with the antagonism of the parasympathetic innervation to the ciliary muscle 
(Stephens, 1985). Evidence for a reduced accommodative amplitude, between 10 to 40 
seconds after the stimulation of the cervical sympathetic nerve of cynomolgus 
monkeys, in the presence of a concurrent parasympathetic stimulation, suggests the 
sympathetic terminals have a minimal role in accommodation due to the slow onset of 
activity (Törnqvist, 1967). However, the sympathetic innervation may have a significant 
role for maintaining the accommodative level rather than providing a rapid change in 
response (Gilmartin et al., 1984) considering the relatively slow time for maximum 
onset, in comparison to the parasympathetic input. Approximately 30% of the total 
beta-adrenoceptors present within the anterior segment of human tissue, exist within 
the ciliary processes (Wax and Molinoff,, 1987) suggesting a role in aqueous outflow 
(Dafna et al., 1979).   
The use of non-selective beta-adrenergic drug timolol maleate within human subjects, 
produces a 0.85 D myopic shift suggesting the sympathetic innervation of the ciliary 
muscle may be important for the resting point of accommodation (tonic 
accommodation) (Gilmartin et al., 1984). A subsequent study to determine whether 
individual differences in the autonomic tone of the ciliary muscle produced the 
observed average myopic shift with the use of timolol maleate (Gilmartin et al., 1984) 
was conducted (Gilmartin and Hogan, 1985). The non-selective beta antagonistic, 
isoprenaline, was used and the results indicated a mean hyperopic shift of 0.47 D (pre-
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isoprenaline = +1.64 ± 0.95, post-isoprenaline = +1.17 ± 0.89) suggesting the 
sympathetic nervous system has a significant role in maintaining the tonic 
accommodative state. Furthermore, the lack of oculomotor changes such as vergence, 
and the minimal changes to the distance refraction and the amplitude of 
accommodation, suggests the sympathetic input to the ciliary muscle is not significant 
in the normal visual environment (Gilmartin et al., 1984, Gilmartin and Hogan, 1985). 
The human ciliary muscle consists of β2 receptors (Wax and Molinoff, 1987) and within 
the population, only 15-30% have access to the sympathetic function (Mallen et al., 
2005; Vasudevan et al., 2009). Additionally, an in-vivo investigation of the human ciliary 
muscle with the application of 2.5% phenylephrine suggests the α1 adrenergic receptor 
agonist does not affect the contractility and dimensions of the ciliary muscle, further 
supporting the hypothesis the sympathetic innervation has a minimal role in 
accommodation (Richdale et al., 2012). However, considering the weakest 
concentration of the drug was used for the study, higher concentrations may have 
produced observable accommodative changes to the ciliary muscle. Therefore, α1 
adrenoceptors may have a significant role in ocular accommodation particularly at low 
and midtemporal frequencies in humans (Culhane et al., 1999).   
1.2.5. Intrinsic innervation 
 
There is evidence to suggest the ciliary muscle has an intrinsic nerve supply with early 
studies documenting the neuropeptide, substance P, is present within some varicose 
nerve terminals, which provides the contraction of the human ciliary muscle (Tamm et 
al., 1995). Nitric oxide regulates smooth muscle contractility and a vast proportion of 
nitric producing cells have been identified within the human ciliary muscle (Nathanson 
and McKee, 1995; Tamm et al., 1995). Nitric oxide relaxes the ciliary muscle of bovine 
eyes (Wiederholt et al., 1994; Kamikawatoko et al., 1998), therefore, may have a role in 
facilitating the backward movement of the ciliary muscle during disaccommodation, or 
possibly provide steady fluctuations to determine the direction of change to induce 
perfect focus (Tamm et al., 1995). Furthermore, proprioceptors are present within the 
human ciliary muscle. Within the reticular and longitudinal muscle fibres the receptors 
may monitor tendon stretch. However, the greatest proportion of receptors are within 
the anterior region of the ciliary muscle, which contain mostly circular fibres, therefore, 
may have a mechanical role. Also, the vast concentration of proprioceptors within the 
circular fibres may provide local regulation for ciliary muscle contraction (Flügel-Koch et 
al., 2009).     
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1.2.6. Zonule of Zinn 
 
The Zonule of Zinn are transparent intermediate connections between the ciliary 
muscle and the crystalline lens. The zonules have two significant roles within the eye: 
their structural role maintains the position of the crystalline lens (Hanssen et al., 2001) 
whereas their mechanical role is vital for accommodation whereby forces from the 
ciliary muscle are transmitted to the crystalline lens. Early studies proposed zonular 
fibres were comprised of collagen, however, the lack of degradation with collagenase 
(Raviola, 1971) and the evidence from recent studies using mRNA markers, suggests 
the main constituent of zonules is fibrillin (review Bourge et al., 2007; Hiraoku et al., 
2013). 
 
It is unclear how the zonular fibres are synthesised. During embryological 
development, the invagination of the optic cup results in the non-pigmented region of 
the ciliary body to lay closest to the lens. Therefore, the attachment of the zonules at 
the non-pigmented epithelium of ciliary processes, as suggested by various 
researchers (Rohen, 1979; Farnsworth and Burke, 1977; Raviola, 1971), would be 
expected in order for the zonules to fulfil their functional and mechanical roles. 
However, the exact region where zonular insertion occurs has yet to be proved or 
established in all species, for example, the Japanese monkey (Hiraoka et al., 2013).  
 
A connection of zonular fibres at the basement membrane of the ciliary processes were 
first identified in rhesus monkeys (Farnsworth and Burke, 1977). Therefore, it is 
possible that the ciliary epithelial cells synthesize the structural components of zonular 
fibres (Forrester et al., 2008 pg 37; Levin et al., 2011), evidence for which is supported 
from in-situ hybridization of the guinea pig ciliary epithelium at various stages of ocular 
development (Hanssen et al., 2001). During foetal development, the non-pigmented 
epithelium of the ciliary body separates from the lens epithelium, and during this stage, 
fibrillin-1 mRNA is expressed in the non-pigmented epithelium (Hanssen et al., 2001). 
Although the eye growth of guinea pigs ceases at 10 months, the expression of fibrillin-
1 mRNA persisted within the non-pigmented epithelium (Hanssen et al., 2001), further 
supporting the hypothesis of zonular production at the non-pigmented ciliary 
epithelium. Chan et al (1997) investigated the zonular attachment in Sprague-Dawley 
male rats using a hyaluronan-binding probe. The results indicated the zonules inserted 
at the pars plana over the basement membrane of the ciliary epithelium and the 
equatorial region of the crystalline lens. Furthermore, evidence for the presence of 
microfibril bundles of zonular fibres located near the non-pigmented epithelial cell 
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basement membrane of the ciliary body (Davis et al., 2002; Hiraoka et al., 2013) further 
supports the hypothesis that zonular fibres originate at the ciliary body. The expression 
of fibrillin mRNA decreases with age in guinea pigs (Hanssen et al., 2001) and 
Japanese monkeys (Hiraoka et al., 2010).  
 
The introduction of transmission electron microscopy in the early 1970s enhanced our 
understanding of the ultrastructure and organisation of the zonule. Three groups of 
zonules have been located depending on their attachment to the lens capsule 
(Farnsworth and Burke, 1977; Rohen, 1979; Ludwig et al, 1999). In-vitro examination of 
the zonular fibres in rhesus monkeys aged between 4 and 4½ years, located anterior 
zonules originating from the valleys between the ciliary processes which inserted into 
the pars plana (Farnsworth and Burke, 1977). Consequently, the architecture of the 
zonule in 10 human eyes (age range 26-57 years) and 17 cynomolgus monkeys were 
investigated with electron microscopy. Within the pars plana, the zonular fibres form a 
flat network which interweave at regular intervals. The fibres attach to the non-
pigmented epithelium of the ciliary body and form bundles at the posterior end of the 
ciliary processes before inserting into the ciliary valleys and creating several plexuses 
described as regular crossings of fine fibrils at constant angles (Rohen, 1979). 
Furthermore, posterior zonules have been identified in rhesus monkeys which can 
subdivided into two groups; one group originate from the pars plana to insert at the lens 
capsule, whereas another group course from the pars plicata and insert at the lens 
equator (Farnsworth and Burke, 1977). In contrast, Rohen (1979) described the 
presence of a zonular fork, which is formed from the anterior division of the plexuses 
with each end leading to the anterior and posterior lens capsule. Similar findings have 
also been reported for Japanese monkeys (Hiraoka et al., 2013). Fine zonular fibres 
also insert at the crystalline lens equator (Rohen, 1979). Interestingly, another set of 
fibres were also identified underlying the main fibres which attached to the non-
pigmented ciliary epithelium of the ciliary valleys and had a course of direction opposite 
to that of the zonular fork. The fibres connected the zonular plexus with the main fibres, 
and termed tension fibres, with a possible role as a fulcrum (Rohen, 1979).  
 
Streeten (1977) demonstrated the zonular fibres inserted at the lens capsule but noted 
there was difficulty distinguishing whether all the fibres covering the lens surface were 
zonular in origin especially since some fibres were less aggregated. The meridional 
fibres provided abundant insertions at the lens capsule and were present at various 
orientations on the lens equator suggesting they may smooth the force from the major 
zonules, as well as constraining the equator when the major zonules relax during 
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accommodation. Zonular fibres penetrate the lens capsule by a short distance in cow 
(Raviola, 1971) and monkey eyes (Raviola, 1971; Streeten, 1977), however, there was 
a deeper penetration into the human lens capsule with zonules terminating at the lens 
epithelium. Further studies are required to confirm such a finding considering only one 
human specimen from a 48 year old donor, was investigated by the author. 
Additionally, in guinea pigs fibres penetrate deep into the lens capsule and form radial 
arrangements towards the anterior and posterior apexes (Hanssen et al., 2001). The 
insertion zones at the crystalline lens capsule is greatest in the anterior lens capsule 
compared to the posterior surface, and least at the equator (Hiraoka et al., 2013).  
 
The ultrastructure of the zonular apparatus of various primates (Raviola, 1971; 
Farnsworth and Burke, 1977; Rohen, 1979) is very similar to that in humans. In 
Japanese monkeys, the fibres at the anterior lens capsule separate to extend radially 
at the para-polar region and circumferentially at the para-equatorial region, whereas 
the posterior fibres remain undivided (Hiraoka et al., 2013). 
 
Fine zonular fibrils aggregate to produce zonular bundles (Raviola, 1971; Farnsworth 
and Burke, 1977; Hiraoka et al., 2013). The fine fibrils have smaller diameters (range 
from 0.35 – 1 μm) in comparison to the zonular bundles which have a range between 
2-30 μm in diameter (Forrester et al, 2008 pg 37), however, in human eyes, the 
thickness of zonular bundles also varies depending on their location at the crystalline 
lens (Streeten, 1977). For example, the diameter of the zonular bundles are larger 
(between 25 to 60 µm) at the anterior and posterior locations of the crystalline lens in 
their contracted state, compared to the lens equator, where they range from 10 to 15 
µm. Thicker bundles at the anterior and posterior insertions of the lens equator, have 
also been found in 10 month Japanese monkeys (Hiraoku et al., 2013). The thicker 
fibres at the anterior and posterior locations of the lens is possibly due to their function 
in accommodation as it is the curvature at these locations which alters the most. Also, 
the organisation of zonular fibres are finer in a full term Japanese monkey, in 
comparison to an adult monkey where bundles of fibres exist (Hiraoka et al., 2010). 
Studies on guinea pigs have also revealed the existence of broader zonular fibres of 25 
nm diameter, probably due to the fusion of two singular fibrils, which appear after 25 
months of age; the increased thickness may reduce the elasticity of the zonules which 
could be a contributory factor to presbyopia (Hanssen, 2001). 
 
Ultrasound biomicroscopy has been employed for in-vivo imaging of the zonular 
apparatus in 10 subjects between the ages 14 to 41 years old with refractive errors 
ranging from -4.50 D to +1.5 D (Ludwig et al., 1999). Fibres were located near the ora 
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serrata which extended to the inner surface of the ciliary muscle and anchor, and 
possibly, inserted into the muscle apex and departed towards the lens. Additionally, 
tension fibres and additional zonular fibres were also identified orginiating from the ora 
serrata and inserting into the lens. However, the researchers used a 34 MHz frequency 
which identified the large zonular bundles that ranged between 40-80 µm, whereas the 
individual zonular fibres were much thinner therefore could not be analysed accurately. 
Hence, there was a large inter-individual variation in the data due to the resolution limit 
of the instrument employed (Ludwig et al., 1999).   
Overall, four bands of zonules were identified which inserted into the lens:   
 One band anterior to the lens equator; 
 Two bands posterior to the lens equator; 
 A weaker band near the lens equator. 
 
Zonular fibres that do not penetrate the posterior lens capsule have also been 
described in human eyes, indicative of a hyaloid-capsular membrane (Seland, 1974). 
Further in-vitro studies have confirmed a firm attachment of the anterior hyaloid 
membrane to the ora serrata and posterior lens capsule with the anterior hyaloid 
membrane fusing with the posterior lens capsule creating the Ligament of Wieger, 
possibly providing support for the positioning of the lens (Farnsworth and Burke, 1977). 
Removing the hyaloid membrane reveals zonular fibres attached to the vitreous 
membrane (Raviola, 1971; Rohen, 1979) which were thought to have a role at 
strengthening the vitreous base and attaching it to the ciliary body (Rohen, 1979). 
Streeten (1977) also identified loose perizonular fibrils and suggested they had a 
possible vitreal origin. Nevertheless, considering the posterior zonule is obstructed by 
both the anterior zonule and the hyaloid membrane, early studies investigating the 
zonular apparatus often removed the vitreous and located fine structures which were 
most likely damaged prior to analysis. Recently, the existence of posterior zonules 
within presbyopic eyes has been confirmed with a custom made device, which 
provided radial stretching of donor eyes to reveal the structures involved with 
accommodation (Bernal et al., 2006). Environmental scanning electron microscopy 
identified zonules predominantly inserting into the hyaloid membrane of the vitreous 
rather than having a direct course from the ciliary body to the crystalline lens, and 
forming strong attachments to the vitreous (Bernal et al., 2006). A zonular attachment 
between Wiegers ligament and the ciliary processes is also present in rhesus monkeys 
suggesting the zonule may have a role in the centripetal movement of the ciliary 
processes during accommodation, supported by evidence of a dampened effect of 
centripetal movement when the zonule was detached from Wiegers ligament (Croft et 
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al., 2008). Also, a recent study in rhesus monkeys has shown the anterior hyaloid 
membrane moves posteriorly during accommodation (Croft et al., 2013a). Significant 
information regarding the insertion of the vitreous zonules into the lens capsule has 
been determined with scanning electronic microscopy and ultrasound biomicroscopy in 
eight human eyes (age range 55 to 100 years old) and twenty three monkey eyes (22 
rhesus, 1 cynomolgus) (Lütjen-Drecoll et al., 2010). Consequently, anterior, 
intermediate and posterior fibres have been recognized, depending on their origin at 
the vitreous membrane. Within monkey eyes, the anterior vitreous zonules arise from 
the fibres of the zonular plexus which insert into the vitreous membrane at regular 
intervals. Furthermore, the periphery of the posterior lens capsule is attached to the 
fibres of the anterior zonule and the vitreous membrane, the latter structure having a 
more central insertion into the capsule. The intermediate vitreous zonules bridge the 
cleft between the vitreous membrane and the intermediate pars plana zonules. Such 
zonules, separate to produce two strands, one each inserting into the zonular plexus 
surrounding a ciliary process. The intermediate vitreous zonules do not contact the 
pars plana zonules, however, they do separate into finer fibrils which merge into the 
vitreous membrane at the ora serrata. Posterior vitreous zonules are located at the 
regions where the posterior pars plana, ora serrata and vitreous body connect. The 
ultrastructure of the vitreous zonules is similar between human and the monkey eyes, 
except that the connection between the pars plana region and the posterior vitreous 
zonule is greater in humans (humans ~ 3.4 mm, monkey ~ 0.5 mm). The assembly of 
anterior vitreous zonules to the zonular plexus suggests it may be involved in the fine 
positioning of the lens during accommodation, whereas the intermediate vitreous 
zonular fibres attach the vitreous to the pars plana possibly to stabilize the vitreous 
membrane during the forward and inward movement of the ciliary muscle during 
accommodation. Furthermore, the firm attachment of the posterior zonules to the ora 
serrata may prevent the detachment of the retina during accommodation (Lütjen-
Drecoll et al, 2010). Recently, a new group of zonules have been identified which are 
possibly involved with the fine tuning and stabilisation of the crystalline lens and 
zonular fork between accommodation and disaccommodation, especially since they are 
located closely to the circular muscle fibres (Flügel-Koch et al., 2016).  
 
With increasing age, the distance between the anterior zonular insertion to the 
posterior zonular insertion increases probably due to the growth of the lens (Ludwig et 
al., 1999). 
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1.2.7. Iris 
 
The iris forms from the edge of the optic cup during pre-natal development (O’ Rahilly, 
1975; Beebe, 1986); the posterior layer of the iris is continuous with the pars plicata of 
the ciliary body (O’Rahilly, 1975; Tamm and Lütjen-Drecoll, 1996). The iris is the 
anterior extension of the uveal tract which divides the fluid filled compartments of the 
anterior chamber from the posterior chamber of the eye and has a mechanical function 
of controlling the amount of light entering the eye.  
 
The iris consists of three layers (Freddo, 1996): the anterior border layer, the stromal 
layer and the posterior iris layer. The sphincter muscle, a circumferential ring which 
encircles the pupillary margin is contained within the stromal layer whereas the dilator 
pupillae, a radial muscle, lies within the anterior layer of the posterior iris layer. Both 
muscles provide a synergistic role for the iris. In mammals, the sympathetic fibres 
innervate the dilator pupillae, and alpha and beta adrenoceptors have been located in 
the iris dilator (Van Alphen, 1976; Van Alphen et al, 1965) with a dual innervation 
described in rabbits (Van Alphen, 1965; Persson et al., 1971), cats (Ehinger et al., 
1968) and cattle (Suzuki and Kobayashi, 1983). Identification of the adrenoceptors 
within the human iris dilator muscle suggests mostly alpha receptors exist which is 
supported from pharmacological studies (Van Alphen, 1976). However, an inhibitory 
cholinergic and excitory adrenergic innervation to the iris dilator muscle could also be 
present (Yoshitomi et al., 1985; Neuheuber and Schrodl, 2011). Activation of the 
adrenoceptors within the dilator muscle causes mydriasis (Van Alphen 1965; Van 
Alphen et al, 1976), however, the cholinergic innervation to the dilator could also have 
a role for miosis (Yoshitomi et al., 1985) although Persson et al (1971) disagree, and 
recent evidence suggests alpha1A adrenoceptors regulate sympathetic mydriasis as 
determined in albino rabbits (Yu and Koss, 2003).  
 
The parasympathetic system innervates the sphincter pupillae via the long ciliary 
nerves which travel from the third cranial nerve to the sphincter muscle. Few 
adrenoceptors have been located on the sphincter pupillae muscle of humans (Van 
Alphen, 1976) and albino rabbits (Persson et al., 1971). The most abundant muscarinic 
receptor within the iris sphincter is the M3 receptor (Gil et al, 1997; Honkanen et al., 
1990; Woldemussie et al., 1993; Eglen et al., 1996), although minimal traces of M2 
may also exist as demonstrated in bovine ciliary muscle (Honkanen et al., 1990). 
Unlike the ciliary muscle, gap junctions exist within the smooth muscle cells of the iris 
sphincter in human and cynomolgus monkeys (Samuel et al, 1996). 
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1.2.8. Choroid  
 
The choroid is comprised within the uvea, a structure formed from mesoderm and 
neuroectoderm during the early stages of foetal development (Mrejen and Spaide, 
2013); the choroid extends anteriorly to the pars plana where it forms the ciliary body 
(Nickla and Wallman, 2010). The choroid can be divided into five layers: Bruch’s 
membrane, choriocapillaris, Haller and Sattler’s layers and the suprachoroidea (Nickla 
and Wallman, 2010) and is a highly vascular structure that nourishes the retina (Mrejen 
and Spaide, 2013; Nickla and Wallman, 2010). Although the choroid is comprised of 
blood vessels, it also contains connective tissue, pigment and intrinsic choroidal 
neurons. Also, non-vascular smooth muscle cells have been located within the 
subfoveal choroid which may stabilize the fovea when the ciliary muscle contracts 
during accommodation (Flügel-Koch et al., 1996). 
 
The choroidal thickness across the posterior eye varies between adults (Margolis and 
Spaide, 2009; Ikuno et al., 2010; Ding et al., 2011; Kim et al., 2014) and children (Read 
et al., 2013a; Read et al., 2013b). The choroid is the thickest at the fovea (Margolis and 
Spaide, 2009; Ikuno et al., 2010; Ding et al., 2011; Kim et al., 2014) possibly due to the 
increased metabolic rate within the central macula in comparison to peripheral retinal 
locations. The nasal (Margolis and Spaide, 200., Ikuno et al.,2010., Ding et al., 2011) 
and inferior retinal quadrants (Ikuno et al., 2010) have the thinnest choroid. 
Furthermore, there are variations in subfoveal choroidal thickness between ethnic 
groups, for example, Korean eyes have a mean sub-foveal choroidal thickness of 
307.26 ± 95.18 μm (Kim et al., 2014), the sub-foveal choroidal thickness is 354 μm in 
Japanese eyes (Ikuno et al., 2010) and 261 μm in Chinese eyes (Ding et al., 2011). 
The sub-foveal choroidal thickness in Caucasian eyes has been reported between 314 
to 346 µm (Rahman et al., 2011; Sanchez-Cano et al., 2014) whereas a thicker 
choroid has been documented in Afro-Carribean eyes (average 364 µm; 
Rahman et al., 2011).  
 
Studies on children can provide significant information regarding the changes to the 
choroid with ocular growth. In early childhood, the choroidal thickness increases before 
plateauing during adolescence (Read et al., 2013a). Measurements of choroidal 
thickness from 104 children (mean age 13.1 ± 1.4 years) classified as either myopic 
(mean spherical equivalent -2.39 ± 1.51 D) or non-myopic (mean spherical equivalent 
+0.33 ± 31 D) reveals the mean subfoveal choroidal thickness of myopic children was 
303 ± 79μm in comparison to non-myopic children where the average subchoroidal 
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thickness was 359 ± 77μm. The choroidal thickness was greatest within the central 
retina rather than the peripheral retinal locations (>3 mm diameter from the central 
foveal zone) with the thinnest choroid at the nasal and inferior nasal retinal locations. 
The choroid in myopic children was 16% thinner than in non-myopic children, which 
could not be explained primarily by ocular elongation with refractive error development, 
thus the authors suggested hyperopic defocus and alterations to the ocular blood flow 
may also contribute to the thinner choroid (Read et al., 2013b). However, a limitation to 
the study is the possibility that children within the non-myopic group could become 
myopic during adolescence, therefore the data reported is not absolute. Genetic factors 
are known to influence refractive error development (Flitcroft, 2012), thus studies within 
anisometropic subjects, where genetic factors are controlled, can provide further 
information about the mechanical factors involved in ocular development. A study on 
adult non-amblyopic anisometropes (Vincent et al., 2013b) revealed the least myopic 
eye (eye with the shortest axial length) had a greater choroidal thickness. Moreover, 
the greatest interocular variation in the choroidal thickness occurred at the fovea. 
Furthermore, the authors noted their findings were dependent on the degree of axial 
anisometropia; if the axial anisometropia was less than 0.5 mm, the range of 
interocular sub-foveal choroidal thickness differences were between 20 μm thinner in 
the more myopic eye to 40 μm thicker in the more myopic eye. Interestingly, ethnic 
differences were also noted, with Asian eyes having thicker choroids specifically in the 
nasal retinal quadrant, compared to Caucasian eyes.  
 
The choroidal thickness is approximately 200 µm at birth and throughout life thins to 
approximately 80 µm by 90 years of age (Ramratten et al., 1994). A significant 
negative correlation between subfoveal choroidal thickness and age has been 
determined in adults (Margolis and Spaide, 2009; Ikuno et al., 2010; Ding et al., 2011; 
Wei et al., 2013; Kim et al., 2014) and children (Read et al., 2013b). Ding et al (2011) 
reported a significant subfoveal choroidal thinning within Chinese adults over 60 years 
of age. In contrast, Kim et al (2014) studied the choroidal thickness in Korean adults 
and suggested a significant negative correlation between age and choroidal thickness 
in adults younger than 60 years of age, possibly due to age-related choroidal atrophy 
which alters less over 60 years of age. With age, Bruchs membrane thickens, the 
choroiocapillaris thickness decreases, and the choroid thins from 193.5 µm in the first 
decade of life to 84 µm in the tenth decade (Ramratten et al., 1994).  
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1.3. Mechanism of accommodation 
1.3.1. Historical theories of ocular accommodation 
 
Early theories about the accommodative mechanism date back to 1677, when 
Descartes correctly identified the increased convexity of the crystalline lens enabled 
objects at near to be viewed, although the mechanism providing the change was not 
established (Descartes, 1677 cited by Fincham, 1925). The term ‘accommodation’ was 
attributed by Porterfield in 1738 to describe the ability of the eye to view objects at a 
close distance (Atchison and Charman, 2010). Over the centuries, several hypotheses 
to explain the ability of the eye to change its focussing power have been proposed 
including the constriction of pupil size, an alteration to the corneal curvature, variation 
to the axial length and a change to the curvature of the crystalline lens.  
 
In 1801, Thomas Young presented the Bakerian lecture and concluded the primary 
anatomical structure involved in the accommodative process was the crystalline lens. 
The evidence was determined by eliminating the possibility of the cornea and axial 
length as contenders, through several experiments on his own eye. Young noted that 
the immersion of his eye in water, which neutralised the corneal power, did not prevent 
accommodation. Furthermore, by clamping two rings, one around the cornea and one 
close to the posterior pole, a phosphene was created which was overlapping the foveal 
region, and the size of the phosphene did not alter as the eye accommodated. Thus, 
Thomas Young concluded that an alteration to the axial length was not responsible for 
the change in the accommodative amplitude. Although Young was able to confirm the 
significance of the crystalline lens in accommodation, he suggested the anterior and 
posterior radii decreased during accommodation to produce a flatter lens (Young, 1801 
cited by Atchison and Charman, 2010; Land, 2015).  
 
Hermann von Helmholtz (1924) however acknowledged that the crystalline lens 
became more convex with accommodation, and suggested the centripetal movement 
of the ciliary muscle during contraction relaxed the tension on the zonules, enabling the 
anterior lens equator to move forward and the lens to conform to its natural spherical 
shape. In contrast, Tscherning proposed that the anterior surface of the crystalline lens 
became hyperbolic with accommodation due to the contraction of the ciliary muscle, 
which increased the tension of the zonules. Thus, the elastic contents of the lens are 
compressed against the stiffer nucleus, increasing the central curvature and flattening 
the lens periphery (Tscherning, 1904 cited by Fincham, 1925). Furthermore, Cramer 
suggested during accommodation, the curvature of the lens is altered from the 
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pressure of the vitreous (Cramer, 1851 cited by Coleman 1986). In 1909, Tscherning 
further advanced his theory to incorporate the vitreous; he advocated that the 
contraction of the ciliary muscle produced a centripetal compression of the choroid onto 
the vitreous, thus increasing the zonular tension and resulting in a hyperbolic anterior 
curvature of the crystalline lens (Tscherning, 1909 cited by Fincham, 1925).  
 
Understanding of the lenticular changes that occur during accommodation have been 
provided by Fincham (1925) who investigated the accommodative effect on the anterior 
and posterior radii of curvature from two 19 year old participants with equal refractive 
error and similar radii of the anterior crystalline lens surface. The author identified a 
backward movement of the posterior lens surface with accommodation, but most 
significantly, that the apex of the surfaces did not become more conic with 
accommodation. Rather there was a reduction in the radii of curvature of both the 
anterior and posterior surfaces. Although there was a variation of the anterior surface 
curvature between individuals, this was attributed to the variances in capsular 
thickness of the crystalline lens as the capsule was thinnest in the centre and thickest 
in the periphery. Hence, during accommodation, the central curvature become more 
convex and the periphery of the lens more concave, thus supporting the von Helmholtz 
theory of accommodation and possibly explaining the flattening of the peripheral lens 
which was previously observed by Tscherning (Fincham, 1925).  
 
The vitreal involvement with accommodation is debateable. Coleman (1970) suggested 
the contraction of the ciliary muscle produces a forward movement of the choroid, 
which subsequently reduces the volume within the posterior chamber and therefore the 
vitreous is compressed forward. Subsequently, the anterior lens surface protrudes 
anteriorly due to the compression force of the vitreous body and the dioptric power of 
the eye increases, but the posterior lens surface shows minimal change since it is 
supported by the vitreous. However, Fisher (1982) suggested the possibility of a lower 
capsular elasticity within the posterior surface in comparison to the anterior lens 
capsule, could also explain the greater reduction in the anterior radii found during 
accommodation, especially since accommodation is still possible when the vitreous is 
absent (Fisher, 1983). Nevertheless, further support for the involvement of the vitreous 
in accommodation has been provided from evidence investigating the difference in 
intraocular pressure between the aqueous chamber and vitreous chamber within 
baboons and chimpanzees. During accommodation, a distribution of pressure from the 
posterior to the anterior chamber was demonstrated, suggesting the vitreous indeed 
has a role in accommodation (Coleman, 1986).  
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1.3.2. Current theories of ocular accommodation  
 
During accommodation the lens thickness increases (Koretz et al., 1984; Drexler et al., 
1997; Koretz et al., 1997; Jones et al., 2007; Kasthurirangan et al., 2011) which is 
primarily due to the thickening of the nucleus (Brown, 1973; Koretz et al., 1984; Koretz 
et al., 1997; Koretz et al., 2002; Dubbelman et al., 2003; Hermans et al., 2007), which 
consequently produces a forward movement of the anterior pole of the lens (Brown, 
1973; Drexler et al., 1997; Koretz et al., 1997; Koretz et al., 2002) resulting in a 
reduction to the anterior chamber depth (Brown, 1973; Garner and Yap, 1997; Koretz 
et al., 1997; Dubbelman et al., 2005; Kasthurirangan et al., 2011; Woodman et al., 
2012). The cortical thickness remains unaltered during accommodation (Koretz et al., 
1997; Dubbelman et al., 2003), although a thickening of the posterior cortex has been 
reported with slit-lamp photography (Brown, 1973). However, the results reported from 
the Scheimpflug images obtained by Brown (1973) were not corrected for the optical 
distortion as a consequence of the increased curvature of structures anterior to the 
posterior surface of the lens during accommodation. Therefore, the optical error was 
included in the results reported by the author. Dynamic changes to the lens thickness 
during accommodation also support the findings that the cortex remains unaltered 
during accommodation and an increase to the adult nucleus occurs during 
accommodation (0.058 ± 0.006 mm/D; Chang et al., 2016. ARVO abstract # 3964). 
 
The increase to the lens thickness is 0.061 ± 0.03 mm/ D (Hermans et al., 2009). Such 
quantitative data is further supported by three-dimensional MRI results for the 
accommodative crystalline lens where a mean change in lens thickness of 0.06 ± 0.08 
mm/ dioptre of accommodative response has been documented between 0.17 D and 4 
D accommodative stimuli, whereas a change of 0.09 ±0.12 mm/ dioptre of 
accommodative response has been reported between 4 D and 8 D stimuli (Sheppard et 
al., 2011). A small backwards movement of the posterior lens surface has also been 
reported (Brown, 1973; Drexler et al., 1997; Croft et al., 2013b) which was recognised 
by von Helmholtz (1924), although, not thought to be inherent to altering the lens 
power. The posterior lens surface becomes steeper with accommodation with an 
increase of 0.46 ± 1.45 mm/ dioptric response (Sheppard et al., 2011). Using the 
Gullstrand schematic eye, where the crystalline lens has an equivalent refractive index 
of 1.422, Garner and Yap (1997) calculated the corresponding increase to the lens 
power as 5.53 D and 3.10 D for the anterior and posterior surface, respectively. Thus, 
the authors concluded the posterior lens surface contributes significantly to the overall 
dioptric increase to the eye during accommodation. Therefore, the overall increase to 
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the axial thickness of the lens provides the greater dioptric power of the eye which is 
required for viewing near objects.  
 
The radii of curvature of the anterior and posterior lens surface reduces as the lens 
thickness increases (Fincham, 1925; Brown, 1973; Koretz et al., 2002), which was 
initially described by von Helmholtz (1924). The reduction is greatest on the anterior 
surface as reported from several studies. For example, using phakometry (Garner and 
Smith, 1997), a reduction to the anterior surface radii from 11.54 ± 1.27 mm to 6.59 ± 
0.30 mm, and the posterior surface from -6.67 ± 0.97 mm to -5.30 ±0.40 mm has been 
documented in response to an 8 D stimulus in 11 subjects with a mean refractive error 
of -1.88 ± 1.64 D and an age range of 18-28 years (mean 21.2 ± 2.62 years). The 
decrease is similar to recent data acquired from MRI indicating the anterior and 
posterior radius of curvature reduces by 0.51 ±0.5 mm/ D and 0.14 ±0.13 mm/ D, on 
the anterior and posterior surface, respectively (Hermans et al., 2009). Sheppard et al 
(2011) obtained data from nineteen pre-presbyopic participants (mean age 25.8 ± 4.5 
years; mean spherical equivalent refractive error -2.38 ± 2.09 D) during relaxed 
accommodation, and to 4 D and 8 D accommodative demand level. The anterior and 
posterior radii of curvature reduced with accommodation and the reduction was 
particularly significant on the anterior surface. Also, the greatest reduction occurred at 
the lower accommodative demand level (mean reduction was 0.82 ± 1.04 mm/ dioptric 
response for the anterior surface). Although the capsular thickness of the posterior 
surface is thinner than the anterior surface (Fincham, 1925), the greatest decrease 
reported for the anterior lens radii (Rosales et al., 2006) could be due to a greater force 
applied to the thicker anterior lens capsule (Ziebarth et al., 2005). Dynamic changes to 
the lens radius of curvature reveals a reduction to the anterior lens radius and a slight 
increase to the posterior lens surface (Williams et al., 2016. ARVO E-abstract #3959), 
which further supports the findings obtained during static accommodation. 
 
The lens equatorial diameter reduces with accommodation as a result of the increased 
axial thickness of the lens (Wilson, 1997; Glasser and Kaufman, 1999; Jones et al., 
2007; Kasthurirangan et al., 2011). Kasthurirangan et al (2011) reported the lens 
equatorial diameter decreased by 0.32 mm during accommodation, although a larger 
decrease has been recorded from phakometry where the contralateral eye was 
simulated and convergence occurred (Garner and Yap, 1997). It is unclear from Garner 
and Yap’s study whether the measurements for the radii of curvature were in the same 
image plane between the relaxed eye and during accommodation. Sheppard et al 
(2011) documented a greater decrease to the anterior lens diameter than the posterior 
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surface, and furthermore, the reduction was particularly evident for the lower 
accommodative stimulus level (between the 0.17 D and 4 D mean change in lens 
equatorial diameter: -0.14 ± 0.17 mm/ dioptric response; between 4 D and 8 D mean 
decrease was 0.01 ± 0.16 mm/ dioptric response). Interestingly, the data suggests a 
possible increase to the equatorial diameter at higher accommodative demand levels. 
The ratio of the lens thickness to the equatorial diameter increases during 
accommodation which confirms the lens becomes more spherical (Kasthurirangan et 
al., 2011), further supporting von Helmholtz’s theory of accommodation.  
 
Furthermore, the alteration of the cross-sectional area of the lens has been of interest 
especially in relation to whether an alteration to the volume of the lens occurs with 
accommodation. Twenty five participants between 22 and 50 years old accommodated 
to an 8 D stimulus and images of the crystalline lens were acquired with high-resolution 
MRI (Strenk et al., 2004a). A significant increase to the cross-sectional area was found 
that was restricted to the anterior lens surface. The authors suggested the invariance to 
the posterior surface was probably due to the location of the fetal nucleus. The fetal 
nucleus is positioned behind the lens equator and considering the structure is not 
known to change curvature with accommodation, the lack of alteration to the cross-
sectional area is probably expected. The cross-sectional area of the anterior surface 
also increased with the authors suggesting the growth of the lens is restrained to the 
anterior portion. However, in-vitro measurements of the crystalline lens from human 
eyes aged between 27 and 99 years suggest the lens growth occurs at the equator and 
the periphery but mostly within the posterior region of the lens (Rosen et al., 2006). 
Therefore, it is unlikely that the lens growth is restricted to the anterior surface as 
suggested from the in-vivo study by Strenk and colleagues (2004a) especially since the 
lens is influenced by other anatomical structures such as the ciliary muscle and 
zonules that may have resulted in the observed findings (Rosen et al., 2006).  
 
The possibility that an overall increase to the cross-sectional area of the lens during 
accommodation raises questions about the volume changes of the lens. The observed 
increase to the cross-sectional area suggests the volume of the lens becomes greater 
with accommodation indicating the lens material is compressed in the relaxed eye, 
possibly as a result of the protein reorganisation within the lens (Strenk et al., 2004a). 
However, Rosen and colleagues (2006) suggest the lens dimensions obtained from 
MRI are underestimated. The researchers used the age groups investigated by Strenk 
et al (2004a) within their linear regression model to determine the lens volume in-vivo 
and found the volume from Strenk et al (2004a) data was 30% less than expected. It is 
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possible a reduction in the refractive index of the lens during accommodation provides 
the increased cross-sectional area and, thus, volume (Jones et al., 2007). Yet, the 
variation in the refractive index with accommodation is unknown. Hermans and 
colleagues (2009) used MRI to obtain 3D images of the crystalline lens of five 
participants (average age 25 years (SD 6.7), MSE -1.3 D (SD 1.03), amplitude of 
accommodation 5.88 D (SD 0.82)). The MRI images were divided into eight sections 
and fitted with parametric data in order to determine the alteration of the cross-
sectional area and the volume of the lens with accommodation. The authors revealed 
the cross-sectional area of the lens increased significantly with accommodation from 
25.9 ± 0.2 mm2 to 27.1 ± 0.3 mm2, and there was a significant decrease to the surface 
area of the capsular bag with accommodation from 175.9 ± 2.8 mm2 to 167.5 ±2.9 mm2. 
However, there was no change to the lens volume, indicating the lens material is 
incompressible and rather the elasticity of the capsule is responsible for the observed 
increase in the cross-sectional area of the lens (Hermans et al., 2009). Data from 
quantitative optical coherence tomography and imaging processing algorithms also 
indicate the lens volume remains constant during accommodation (Martinez-Enrique et 
al. IOVS 2016, ARVO E-abstract 1380). During accommodation, the reduction in the 
lens surface area seems to be more evident for lower accommodative demands. 
Sheppard et al (2011) reported a significant reduction to the lens surface area of 4.75 
mm2 between the relaxed accommodative state and 4 D accommodative demand level, 
whereas a slight insignificant increase occurred to the lens surface between the 4 D 
and 8 D demand level. However, there was a significant increase to the lens volume 
from 154.52 ± 19 mm3 to 158.08 ± 22.89 mm3 between the relaxed and 8 D 
accommodative demand. Therefore, the findings support those of Strenk and 
colleagues (2004a) that the crystalline lens is compressed during the unaccommodated 
state and the capsule undergoes elastic deformation with accommodation. In-vitro data 
from a bovine lenses suggest the lens volume reduces by 5.3% when stretched 
(Gerometta et al., 2007), which further supports the evidence from human in-vivo 
studies. Furthermore the authors calculated the cross-sectional area and volume 
changes during disaccommodation for their modelled human lenses and showed a 
reduction to the cross sectional area by 7.1% and 2% in a 20 year and 45 year lens, 
respectively, as well as a 2.6% and 1.7% decrease in the volume for a 20 year and 45 
year old lens, respectively. The findings suggests volume is gained by the lens during 
accommodation and reduces in the relaxed eye, possibly from fluid leaving the lens 
when it is relaxed. The time frame for which this process can occur is approximately 
200 ms (Zamudio et al., 2008), which is within the 3 seconds that the maximum 
accommodative amplitude is reached and the consequent disaccommodation occurs 
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(Glasser and Kaufman, 1999). An 11% decrease in the cross-sectional area has also 
been documented for rhesus and cynomolgus monkeys where 10 D of accommodation 
is stimulated (Glasser and Kaufman, 1999). During accommodation, alteration of the 
gradient refractive index (GRIN) of the lens also contributes to the increased power of 
the crystalline lens (Garner and Smith, 1997; Maceo et al., 2011). Moreover, the lens 
significantly contributes to the peripheral optics of the eye, with a greater peripheral 
defocus evident at greater eccentricities and an increased peripheral defocus occurs 
with increasing lens power during accommodation (Manns et al. IOVS 2016. ARVO E- 
abstract 1379). 
 
The contraction of the ciliary muscle undeniably initiates the accommodative process, 
yet, there are limited investigations that have determined the morphological changes to 
the muscle. An anterior shift of the ciliary body has been reported in human eyes, using 
ultrasound biomicroscopy, with data suggesting there is contact between the ciliary 
body and posterior iris (Bacskulin et al., 1995). The ciliary body is occluded by the iris, 
therefore, it is difficult to view the entire structure with optical techniques (see 
Instrumentation; Chapter 2). The alteration of the ciliary body can be observed within 
albino patients using optical coherence tomography since there is minimal pigment 
within the iris stroma allowing the optical source to penetrate to the ciliary body. Baikoff 
and colleagues (2004a) documented a contraction of the ciliary body, a centripetal 
movement of the ciliary sulcus and ciliary body, and a lack of forward movement of the 
ciliary body during accommodation. The findings are consistent with primate data 
(Glasser and Kaufman, 1999). However, there are limitations to Baikoff and colleague’s 
data as only one participant with albinism was investigated, therefore, the results may 
not be representative of the general population. Furthermore, the acquisition of data 
with optical techniques requires a correction for the distortion which occurs as the light 
travels through different intraocular media which vary in refractive index, and this 
correction was omitted by the authors. Also, the analysis of the acquired images were 
not along the same image plane, therefore, accurate assessment of the ciliary body 
movement and the conclusions in relation to accommodation cannot be based 
accurately upon this study (Schachar, 2005).  
 
MRI studies indicate the ciliary muscle contractility remains active throughout life 
(Strenk et al.,1999) and no inward movement of the ciliary muscle apex occurs with 
accommodation, although, the anterior muscle mass increases (Strenk et al., 2010). 
Furthermore, during accommodation a significant decrease to the ciliary ring diameter 
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occurs (mean change 0.44 mm), although, the circumlental space does not alter 
(Kasthurirangan et al., 2011). 
 
More recent studies analysing the ciliary muscle during accommodation have shown 
the muscle thickens anteriorly and thins posteriorly (Sheppard and Davies, 2010b; 
Lewis et al., 2012; Lossing et al., 2012; Richdale et al., 2013; Shao et al., 2013). The 
findings correspond with an in-vitro study within rhesus monkeys which indicate an 
increase to the circular region of the ciliary muscle with accommodation, whereas the 
area of the posterior region reduces (Lütjen-Drecoll et al., 1988a). Sheppard and 
Davies (2010b) investigated the changes to the ciliary muscle during static 
accommodation for 4 D and 8 D accommodative demand levels, within fifty pre-
presbyopic adults (mean age 25.8 years ± 4.5) with a mean refractive error -2.00 ± 
2.62 D. The authors imaged the nasal and temporal ciliary muscle using AS-OCT and 
identified an asymmetry between both aspects of the ciliary muscle within the relaxed 
and accommodative states. The temporal ciliary muscle was longer (4810 ± 690 µm) 
compared to the nasal side (4630 ± 470 µm) during the relaxed state, although the 
differences were not significant. With accommodation, a contractile shortening was 
observed in both the temporal and nasal muscle, however, the response for the nasal 
quadrant was less than the temporal side. The contractile shortening was independent 
of the axial length and was mainly due to the reduction in the anterior length which 
comprised 18.5% of the total ciliary muscle length during the relaxed state. With 
accommodation, the thickness of the ciliary muscle increased anteriorly at the location 
representing 25% of the total length (CM25) with a mean increase of 7.1 ± 6.4 µm, 
whereas the thickness measurements at the posterior locations (CM50 and CM75) did 
not alter significantly with accommodation. The authors identified a greater change to 
the ciliary muscle parameters between 0.19 and 4 D of accommodation, rather than 
between 4 D and 8 D accommodative demand levels. For example, the overall length 
reduced by 80 ± 100 µm per dioptre between 0.19 D and 4 D compared to 50 ± 120 µm 
between 4 D and 8 D accommodative demand levels. In addition, the anterior length 
reduced by 60 ± 40 µm and 30 ± 30 µm per dioptre of accommodative response 
between the 4 D and 8 D demand levels, respectively.  
 
Research investigating the accommodative changes to the ciliary muscle in-vivo have 
also been determined in children aged 9 ± 2.1 years with refractive errors of 0.36 ± 
2.41 D (Lewis et al., 2012). The ciliary muscle images were acquired with the Visante 
AS-OCT for relaxed accommodation, as well as 4 D and 6 D accommodative stimulus 
levels. The researchers reported that eyes with longer axial lengths had thicker ciliary 
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muscles in the relaxed state and during accommodation. An anterior thickening of the 
ciliary muscle was evident with accommodation as determined from the location 
representing the maximum thickness (CMTMax) and the region corresponding to 1 mm 
posterior to the scleral spur (CMT1). Thinning of the posterior locations of the ciliary 
muscle 3 mm posterior to the scleral spur (CMT3) were also reported. Overall, there 
was an increase of 14.2 µm and 10.4 µm per dioptre of accommodation for CMTMax 
and CMT1, respectively, whereas CMT3 reduced by 5.4 µm per dioptre of 
accommodation. The authors concluded eyes with a greater CMTMax were correlated 
with increased thickening at locations relating to CMT1, as well as shortening within 
CMT3 during accommodation. Furthermore, the reduced thickening at CMT3 during 
accommodation was associated with axial length, whereas the thickening at the 
anterior locations (CMTMax and CMT1) were independent on axial length (Lewis et al., 
2012). The overall findings of the contraction of the ciliary muscle longitudinally and 
radially was in agreement with Sheppard and Davies (2010b). The anterior thickening 
of the ciliary muscle occurs for all refractive error groups, as reported in young adults 
during accommodation (Lossing et al., 2012). A summary of the findings by research 
groups for in-vivo ciliary muscle investigation are provided in Table 1.  
 
A reduced movement of the ciliary muscle during accommodation has been reported 
for myopic subjects in young adults (mean age 25.7 ± 3.7 years), where the length of 
the ciliary muscle was quantified from scleral and vitreous side (Jeon et al., 2012). The 
temporal ciliary muscle was imaged and in agreement with previous studies, the ciliary 
muscle length reduced during accommodation. However, the contractile shortening 
was only evident for the aspect of the ciliary muscle on the scleral side, which mostly 
consists of longitudinal fibres. The anterior location (CMT1) was found to increase in 
thickness with accommodation, whereas a thinning of CMT3 was noted, as with prior 
studies. Furthermore, the location referring to the maximum thickness of the ciliary 
muscle and the apical angle increased during accommodation indicating a centripetal 
movement of the ciliary muscle. A positive correlation was identified between the ciliary 
muscle length (scleral side) and axial length as well as the region 3 mm posterior to the 
scleral spur and axial length, thus, agreeing with the findings of Oliveira et al (2005). 
The authors concluded the anterior thickening of the muscle and the centripetal 
movement are essential for accommodation, but the movement is reduced in myopic 
eyes. Investigation of the ciliary body thickness within the unaccommodated eye in 
children reveal thickness measurements 2 mm and 3 mm posterior to the scleral spur 
have a strong negative correlation with refractive error (Bailey et al., 2008). The region 
representing 2 mm posterior to the scleral spur is thicker on the temporal side than the 
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nasal in the relaxed muscle, whereas with accommodation there is a statistically 
significant thinning especially on the temporal aspect (Sheppard and Davies, 2010b). 
Nevertheless, the results also indicate variation between individuals as a thickening of 
the region was also noted in some participants. CMT2 may therefore be a fulcrum 
region for accommodation, whereby the location translates from a thinner region to a 
thicker area with accommodation depending on accommodative effort (Lewis et al., 
2012). Measuring the ciliary muscle thickness at fixed locations of the ciliary body does 
not reflect the movement of the ciliary muscle accurately, since the anterior thickness 
results perhaps include the forward movement of the muscle during accommodation, 
thus resulting in the analysis of a different anatomical region. Therefore, as suggested 
by Sheppard and Davies (2010b), proportional measurements of the ciliary muscle are 
more likely to provide relevant information of the changes to the ciliary muscle length 
with accommodation. Various research groups have analysed the data acquired with 
different methods either using in-built calipers within the Visante AS-OCT (Sheppard 
and Davies, 2010b, Sheppard and Davies, 2011) or semi-automated software, 
however, the thickness of the pigmented ciliary epithelium also appears to have been 
reported in results (Kao et al., 2011; Lossing et al., 2012; Lewis et al., 2012).  
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 Measurement of Ciliary muscle parameter with relaxed 
accommodation (µm) 
Measurement of Ciliary muscle parameter with accommodation 
(µm) 
 
Study 
 
Age 
(years) 
Aspect of 
ciliary 
muscle 
TOTAL 
LENGTH  
CMMax CMT1 CMT2 CMT3 
Max 
accommodative 
stimulus 
TOTAL 
LENGTH 
CMMax CMT1 CMT2 CMT3 
Bailey et 
al (2008) 
11.79 ± 
2.31 
Nasal Unknown Not 
known 
899.43 
± 
121.71 
601.49 ± 
101.55 
326.27 ±69.85 - - - - - - 
Sheppard 
and 
Davies 
(2010b) 
25.8 ± 
4.5 
Temporal 
(T) and 
nasal (N) 
T: 4810 ± 
690 
 
N: 4630 ± 
470 
- - T: 405 ± 58 
 
N: 347 ± 58 
- 8 D T: 4520 ± 
610 
 
N: 4440 ± 
480 
- - T: 384 
± 65 
 
N: 340 
± 58 
- 
Lossing et 
al (2012) 
24.2 ± 
1.1 
Temporal Unknown 795.20 
±65.4 
774.80 
± 66.3 
557.8 ± 80.8 353.7 ± 67.6 4 D Not 
known 
868.5 ± 
83.3 
813.9 ± 
85.8 
535.5 ± 
98.2 
303..8 
± 70.8 
Richdale 
et al 
(2013) 
30-50 
years 
Not 
known 
Unknown 870 ± 
100 
800 ± 
100 
490 ± 110 270 ± 80 - - - - - - 
Pucker et 
al (2013) 
8.71 ± 
1.51 
Nasal Unknown 809.01 
± 67.63 
778.46 
± 65.15 
527.87 
±73.13 
280.92 ±55.29 - - - - - - 
Shao et al 
(2013)  
Range 
26-47 
years 
Temporal  Unknown 408 ± 
11 
406 ± 9 279 ± 12 154 ± 8 4 D  606 ± 
12 
605 ± 8 309 ± 
11 
151 ± 9 
Jeon et al 
(2012) 
25.70 ± 
3.65 
Unknown Scleral 
side: 
5518.85 ± 
446.41 
Vitreous 
side: 
5475.37 ± 
904.95 
582.78 
±88.95 
529.32 
± 
104.22 
396.45 ± 
59.26 
223.27 ± 
26.96 
12.5 D Scleral 
side: 
5085.19 ± 
646.12 
Vitreous 
side: 
5339.77 ± 
1065.62 
724.82 
± 
118.02 
620.16 
± 
165.71 
395.63 
± 61.63 
176.94 
± 80.67 
Oliveira et 
al (2005) 
51.8 ± 
16.5 
Temporal Unknown Not 
known 
Not 
known 
Myopes : 490 
± 115 
Emmetropes 
362 ± 53 
Myopes: 315 ± 
79 
Emmetropes: 
247 ± 49 
- - - - -  
 
 
 
Table 1-1. Summary of in-vivo studies investigating the morphology of the ciliary muscle with and without accommodation. The studies within the white 
background have used the technique AS-OCT, whereas studies using UBM are shown in the grey background. 
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Although there is variation in technique and analysis procedures between the studies, 
the overall pattern of changes to the ciliary muscle parameters are similar between 
studies. The interaction between the crystalline lens and ciliary muscle has recently 
been assessed dynamically using a combined anterior and posterior optical coherence 
tomographer (Ruggeri et al., 2016. ARVO E-abstract #3690). The change to the ciliary 
muscle thickness and crystalline lens thickness between relaxed accommodation and a 
2 D accommodative stimulus was analysed. A change of 0.045 mm occured in the 
cilary muscle thickness and 0.125 mm for the crystalline lens thickness in a 22 year 
old, whereas a greater change to thickness of the ciliary muscle (change 0.107 mm) 
occurs in a presbyopic eye and a smaller change in lens thickness (change 0.090 mm). 
The authors suggested a 0.0005 mm and 0.034 mm change occurs to the ciliary 
muscle thickness in the 22 year old and 45 year old eye respectively, during the initial 
phase of accommodation, however, the anterior segment of the ciliary muscle was 
poorly imaged due to the resolution limits of the instrumentation employed. Considering 
the anterior segment of the ciliary muscle has been shown to have an important role 
during accommodation, the results from the study by Ruggeri and colleagues (2016) 
should be analysed with caution.  
 
Rhesus monkeys have a similar anatomical structure of the accommodative system to 
humans (Neider et al., 1990) although, the mean accommodative amplitude of rhesus 
monkeys aged between 1 to 5 years old is greater (Bito et al., 1982) than humans 
(Duane, 1922). Neverthless, the accommodative amplitude of rhesus monkeys 
declines at a similar rate to humans (Bito et al., 1982), therefore, the species are ideal 
animal models for investigating the mechanism of accommodation (Glasser and 
Kaufman, 1999; Croft et al., 2006a) and presbyopia (Kaufman et al., 1981; Koretz et 
al., 1987a; Lutjen-Drecoll et al., 1988a; Tamm et al., 1991b; Tamm et al., 1992c; 
Vilupuru and Glasser., 2005; Wasilewski et al., 2008). Objective techniques are 
employed to stimulate accommodation in animals, either from the use of 
pharmacological agents which stimulate the ciliary muscle or electrical stimulation of 
Edinger-Westphal nucleus via an implanted electrode. Studies reveal an anterior and 
centripetal movement of the inner apex of the ciliary with the tips of the ciliary 
processes moving away from the sclera. Moreover, the magnitude and the direction of 
the movement is similar between the nasal and temporal quadrants of the muscle 
(Glasser and Kaufman, 1999). However, a greater ciliary body length and ciliary 
muscle area has been documented for the temporal side compared to the nasal, and 
no essential differences in ciliary body thickness seems to be evident between both 
orientations (Glasser et al., 2001). Recent investigations suggest there are differences 
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in the amplitude of the centripetal movement of the ciliary processes during 
accommodation with a slightly greater magnitude for the nasal aspect. In addition, 
when the Edinger-Westphal nucleus is stimulated to produce a supramaximal 
accommodative response, a greater increase in the centripetal movement has been 
documented within the nasal quadrant, whereas no difference in movement occurs 
between the maximum pharmacological stimulation and Edinger-Westphal response 
for the temporal side (Croft et al., 2006b).     
 
The lens capsule and anterior zonular attachments to the ciliary processes are absent 
after intracapsular lens extraction, which produces a reduced velocity of the ciliary 
process movement compared to a normal phakic rhesus monkey eye. Furthermore, 
extracapsular lens extraction allows zonular attachments to the capsule and Wiegers 
capsule to remain resulting in a slightly increased velocity of the ciliary processes to be 
observed. Vitreous strands which extend from the posterior retina and terminating at 
the pars plana have also been identified which show a centripetal movement during 
accommodation. Furthermore, a backwards movement of the anterior hyaloid has also 
been observed in rhesus eyes, which provides evidence against Coleman’s theories for 
accommodation. Furthermore, the absence of the lens and capsule enables a 
centripetal movement of the ciliary process, only if zonular attachments are not 
disrupted between the ciliary processes and Wiegers ligaments (Croft et al. IOVS 2016; 
ARVO E-abstract 1378).     
 
The effect of accommodation on the axial length has also been studied within recent 
years (see Chapter 7). Garner and Yap (1997) stated accommodation does not alter 
axial length, however, their data were obtained with ultrasound biomiscroscopy, where 
the stimulus was presented to the contralateral eye. Consequently, it is presumed that 
intraocular changes that occur to the eye presented with the accommodative stimulus 
are equal to the eye from which data are collected. Furthermore, the relatively low 
resolution of A-scan ultrasonography (150 µm) may have contributed to the lack of 
axial stretch reported in the study. Nevertheless, a recent investigation using A-scan 
ultrasonography reported an increase in the axial length of the eye during 
accommodation, however, the increase was not evident in all subjects (Deshpande, 
2012). The author investigated the accommodative effect on the axial length for myopic 
(25 participants; mean refractive error (MRE) of the right eye -1.93 ± 1.39 D, MRE left 
eye -2.03 ± 1.09 D), hyperopic (25 participants, MRE right eye + 1.90 ± 1.28 D, MRE 
left eye +1.69 ± 1.21 D) and emmetropes whose mean refractive error was not stated 
by the author. Accommodation was stimulated in the left eye as participants viewed 
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text corresponding to N6 print at two distances, 33 cm and 12.5 cm. Biometric 
measurements were obtained from the right eye and the results indicated an increase 
in axial length of 88 µm, 70 µm and 7 µm in emmetropes, myopes and hyperopes, 
respectively for maximum accommodative demand level. However, there was a 
reduction to the axial length in 20 subjects, whose refractive error was omitted by the 
author. Comparison of the results from ultrasound studies suggest the variation in 
findings may be due to the dissimilar targets used to stimulate accommodation. Recent 
reports with high-resolution instrumentation indicate an axial elongation with 
accommodation, which are further explored in Chapter 7.  
 
Schachar disagrees with von Helmholtz’s theory for accommodation and instead 
suggests the equatorial zonules have a key role. Schachar’s mechanism of 
accommodation proposes the contraction of the ciliary muscle increases the tension of 
the equatorial zonules, which in turn increases the equatorial diameter of the lens 
resulting in the increased optical power of the eye. Moreover, the anterior and posterior 
zonules are considered supporting ligaments during the accommodative process 
(Schachar, 1992; Schachar et al., 1996; Schachar and Bax., 2001; Schachar et al., 
2006). Schachar’s theory is mathematically supported with non-linear finite element 
analysis (Schachar and Bax, 2001), indicating the tension applied by the anterior and 
posterior zonules reduces the central optical power of the lens. Nevertheless, the 
authors state an increase in the volume of the lens of more than 4% during 
accommodation could provide a relaxation of the anterior and posterior zonules (and 
possibly the equatorial zonules) resulting in an increased dioptric power of the eye. 
However, it is clear from more recent studies that an increase in volume of a magnitude 
greater than 4% is likely to occur (Gerometta et al., 2007; Zamudio et al., 2008), thus, 
providing evidence disproving Schachar’s mechanism. Support for increased tension of 
the equatorial zonular fibres during accommodation is provided from evidence that the 
lens equator moves toward the sclera (Schachar et al., 1996). However, results from 
primate study indicates a reduction to the equatorial diameter of the lens during 
accommodation. Also, pharmacological manipulation of the apparatus with pilocarpine 
shows the lens equator moves away from the sclera, irrespective of whether the nasal 
or temporal ciliary muscle is imaged, therefore, disagreeing with Schachar’s 
mechanism of accommodation (Glasser and Kaufman, 1999).  
 
Overall, from the literature review, it is evident a significant proportion of studies 
investigating the accommodative apparatus provide support for von Helmholtz’s theory 
of accommodation.  
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1.4. Presbyopia 
 
The progressive reduction in the amplitude of accommodation with increasing age is 
well documented (Donders, 1864; Duane, 1922), with less than half a dioptre of 
accommodation evident after 50 years of age (Anderson et al., 2014). The term 
presbyopia is generally applied when the amplitude of accommodation declines below 
3 D (Weale, 2000). The aetiology can be attributed to lenticular and extralenticular 
factors (Gilmartin, 1995), and when considered together, suggest presbyopia is most 
likely a multifactorial condition due to an ageing accommodative apparatus (Weale, 
1989).  
 
Lenticular theories 
The crystalline lens continues to grow throughout life due to the addition of new lens 
fibres (Fisher, 1969; Strenk et al., 1999; Dubbelman et al., 2001; Koretz et al., 2002; 
Dubbelman et al., 2003; Atchison et al., 2008; Richdale et al., 2008), resulting in an 
increase of thickness along the sagittal direction (Lowe et al., 1970; Cook et al., 1994; 
Koretz et al., 1997; Strenk et al., 1999; Allouch et al., 2005), mostly due to the 
increased thickening of the cortex (Cook et al., 1994, Dubbelman et al., 2003), 
particularly anteriorly (Dubbelman et al., 2003). Consequently, there is a significant 
linear increase to the lens weight (Figure 1-3) and cross sectional area (Figure 1-4) 
with age (Glasser and Campbell, 1999). Furthermore, the anterior chamber depth 
reduces as a consequence of the increased lens thickening, and from the forward 
movement of the anterior lens surface (Dubbelman et al., 2001; Koretz et al., 2002). 
The distance between the cornea and the posterior lens surface increases with age, 
indicating a backwards movement of the posterior lens surface (Dubbelman et al., 
2001; Croft et al., 2016b), although the magnitude of the movement reduces with age 
(Croft et al., 2016b; Laughton et al., 2016).  
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Figure 1-4. The weight of the human lens increases linearly with age throughout life. 
Redrawn from Glasser and Campbell (1999).  
Figure 1-5. The lens cross sectional area increases with age. Redrawn from Glasser 
and Campbell (1999).  
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The anterior radius of curvature of the unaccommodated lens declines with age 
(Brown, 1973; Glasser and Campbell, 1999; Dubbelman et al., 2001; Atchison et al., 
2008) and although data from Scheimpflug imaging suggests the radius of curvature of 
the posterior surface also reduces (Dubbelman et al., 2001), results from Purkinje 
imaging (Atchison et al., 2008), MRI (Kasthurirangan et al., 2011) and in-vitro studies 
(Glasser and Campbell, 1999) suggests there is an insignificant age related change. 
Overall, the age related changes produce a lens which has a greater curvature in the 
unaccommodated state, and thus a myopic refractive error should be expected in 
advanced presbyopes. Yet, it is well documented that the refractive error becomes 
more hyperopic with increasing age (Wang et al., 1994). The prevention of myopia 
development may possibly occur from a reduction to the lens refractive index with age, 
a phenomenon termed the lens paradox (Smith et al., 1992; Brown et al., 1999; 
Dubbelman and Van der Heijde, 2001; Moffat et al., 2002).  
 
Lenticular theories for presbyopia are based upon the geometric changes to the lens 
shape and size with increasing age, as well as the reduction in the mechanical 
properties of the lens substance and capsule. The Hess-Gullstrand theory for 
presbyopia is purely lenticular and suggests the ciliary muscle contractility is retained 
throughout life, but the increased lens stiffness that results from advancing age 
reduces the ability of the muscle to alter the lens shape. Fincham (1937) provided 
evidence of a reduced ability of the lens capsule to mould the lens material with 
increasing age possibly due to its declining elasticity (Fisher, 1969), although later 
studies also incorporate the possibility of lens sclerosis as a contributory factor for 
presbyopia (Fisher, 1973; Pau and Kranz, 1991).  
 
It is clear the lens stiffness increases with age (Pierscionek, 1993; Pierscionek, 1995; 
Heys et al., 2004; Weeber et al., 2007), with nucleus stiffness showing the greatest 
increase with age (Figure 1-6, Heys et al., 2004). A stiffness gradient, rather than a 
uniform stiffness, seems to explain the rapid decline in accommodative ability evident 
after 40 years of age (Weeber and Van der Heijde, 2007). Early reports suggested the 
lens material does not harden with increasing age (Nordman and Mack, 1974). 
However, removal of the capsule from lens of youthful eyes produces a flattened lens 
substance and an increased focal length of the lens, yet, decapsulation is ineffective in 
changing the configuration of the lens substance in older eyes (Glasser and Campbell, 
1999). Therefore, lens hardening seems to occur and possibly increases the resistance 
of the compressive forces from the capsule to change the lens shape in order to induce 
a significant accommodative response (Glasser and Campbell, 1998; Glasser and 
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Campbell, 1999). Nevertheless, morphological changes to the lens capsule have also 
been documented. An increased elastic stiffness and a reduction in the mechanical 
properties occur with age, therefore, changes to the capsule morphology as well as the 
increase in lens volume may reduce the ability of the capsule to deform (Krag and 
Andreassen, 2003). Moreover, the stiffness of the capsule has been documented to 
increase specifically at the capsularhexis edge after cataract surgery (Pedrigi et al., 
2009), which may alter the mechanical properties of the capsule and its ability to 
deform even when the lens substance has been removed.  
 
Figure 1-6. Stiffness values of cortex and nucleus as a function of lens age. Redrawn 
from Heys et al., 2004. 
 
 
The reduction in the nuclear refractive index and a change in gradient refractive index 
structure (GRIN) may also contribute to presbyopia development (Moffat et al., 2002), 
however, evidence relating to the gradient refractive index is equivocal; some studies 
report the equivalent refractive index remains unchanged with age (Pierscionek, 1997; 
Glasser and Campbell, 1999), whereas recent evidence suggests there is a reduction 
(Richdale et al., 2013).  
 
Measurements of the lens equatorial diameter can be obtained using MRI. Although 
most studies suggest the equatorial diameter remains unchanged with age (Strenk et 
al., 1999; Jones et al., 2007), a recent study documents an increase of 0.28 mm with 
age, proposing the lens becomes rounder with age (Kasthurirangan et al., 2011). Data 
from in-vitro studies also indicates lens equatorial diameter increases up to 70 years of 
age (Glasser and Campbell, 1999), although post-mortem lenses, especially from 
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young eyes, are known to conform to their accommodated state, therefore may not 
provide reliable evidence for the age related changes to the lens diameter. Indeed, an 
increased lens equatorial diameter would reduce the extralenticular space, and a 
subsequent reduction in the tension from the ciliary muscle at the anterior zonules, 
which is the mechanism for presbyopia suggested by Schachar (2008). Thus, 
presbyopia correction surgery based on scleral expansion around the ciliary body has 
been performed, however, the evidence is equivocal regarding their efficacy. Studies 
which have measured the amplitude using subjective techniques have either reported 
an increase in amplitude (Qazi et al., 2002), or no improvement (Hamilton et al., 2002). 
Furthermore, the restoration of accommodation does not occur for all participants and 
interestingly, the improvement of the amplitude post-operatively appears to decline 
such that it is similar to pre-operative accommodation levels, 1 year after surgery 
(Malecaze et al., 2001). In addition, results from objective methods also suggest scleral 
expansion surgery does not significantly improve accommodation (Matthews, 1999; 
Ostrin et al., 2004) suggesting the cause for presbyopia is unlikely to result from an 
increase in the lens equatorial diameter. 
 
Geometric theory 
The geometric theory for presbyopia relates to the changing shape of the crystalline 
lens with age and the subsequent configuration with the anterior zonules. The distance 
between the anterior zonules and their insertion at the lens equator increases with age 
(Farnsworth and Shyne, 1979; Sakabe et al., 1998) resulting in a tangential 
configuration and thus, preventing a translation of the ciliary muscle force to the lens 
capsule (Koretz and Handelman, 1986). Consequently, the amplitude of 
accommodation declines. Strenk and Strenk (2005) provided a modified geometric 
theory suggesting the reduced zonular tension on the lens is a consequence of the 
anterior movement of the ciliary sulcus and ciliary muscle with increasing age, possibly 
as a result from an anterior inward displacement of the iris during lens growth.  
 
Extralenticular theory  
The extralenticular theories for presbyopia are related to the contractility of the ciliary 
muscle. Duane (1925) noted topical instillation of diluted atropine produced a rapid 
reduction in the accommodative response, specifically in presbyopic individuals, 
suggesting the ciliary muscle becomes weaker with age. However, Fisher (1977) 
postulated the contraction of the ciliary muscle actually increases throughout life up to 
50 years of age, thus, the reduced accommodative ability documented in advanced 
presbyopes cannot be explained by the age-related hypertrophy of the muscle. 
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Although the ciliary muscle has a primary role in accommodation, Fincham (1955) 
suggested maximum accommodation is due to a combination of ciliary muscle 
contraction and the ability for the capsule to deform the lens substance, and thus, the 
reduction in the accommodative ability is due to both factors.  
In-vivo evidence from human eyes suggests the contractility of the ciliary muscle is 
retained throughout life (Strenk et al., 1999; Strenk et al., 2006; Strenk et al., 2010; 
Sheppard and Davies, 2011; Richdale et al., 2013; Tabernero et al., 2016). Although a 
slight decline of the contractile ability of the ciliary muscle of early presbyopes has 
been documented, a considerable contraction is still evident in advanced presbyopes 
(Strenk et al., 1999). Furthermore, constriction of the ciliary muscle ring diameter is 
evident during accommodation in pseudophakic eyes, with no significant differences 
between the contralateral phakic eye (Strenk et al., 2006). Further evidence for a 
lenticular cause for presbyopia has been provided by Park et al (2008) who reported a 
manifest centripetal movement of the human ciliary muscle after cataract extraction 
and Strenk et al (2010) who reported the ciliary muscle of pseudophakic eyes 
resembles youthful eyes.  
 
Studies employing optical coherence tomography have enhanced our understanding of 
the morphological and accommodative ability of the aging ciliary muscle. Sheppard and 
Davies (2011) reported the anterior length of emmetropic eyes reduced with age for 
both the nasal and temporal quadrants, although there was no significant effect of age 
on the total length of the muscle. In contrast, there was no change to the anterior 
length with increasing age for myopic eyes. The authors also reported a reduction to 
the distance 2 mm posterior to the scleral spur (CMT2) by 2.08 µm/ year, which was 
only evident within emmetropic eyes and for the temporal ciliary muscle. Also the 
posterior regions of the ciliary muscle were thinner for the temporal quadrant and the 
ciliary muscle maximum width increased within the temporal and nasal quadrants. A 
reduction in the distance between the inner apex and scleral spur was also 
documented (Sheppard and Davies, 2011). In contrast, Richdale et al (2013) reported 
an insignificant relationship between age and the ciliary muscle thickness at 1 mm, 2 
mm and 3 mm posterior to the scleral spur as well as the maximum thickness and 
ciliary muscle ring diameter within emmetropic eyes for participants with an age range 
of 30 to 50 years. Nevertheless, the authors did not report which quadrant of the ciliary 
muscle was imaged, and also used phenylephrine prior to ciliary muscle acquisition, 
which may explain the differences to those findings by Sheppard and Davies (2011). 
However, the multivariate model by Richdale et al (2013) suggested age, lens 
thickness and the ciliary muscle thickness 3 mm posterior to the scleral spur were 
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related to accommodative response. Shao et al (2015) simultaneously imaged the 
ciliary muscle and lens with OCT and documented the amplitude of the ciliary muscle 
contraction was maintained throughout life, although there was an age related decline 
to lens shape deformation for each millimetre of increased thickness to the anterior 
muscle. Moreover, the forward movement of the ciliary muscle positively correlated 
with the increase to the lens anterior radius of curvature, but there was a negative 
correlation with lens thickness. Interestingly, the duration to produce the forward 
movement of the ciliary muscle apex significantly declined with age.  
 
Preservation of human ciliary muscle functionality throughout life is further supported 
from indirect evidence from the movement of intraocular lenses with accommodative 
effort (Nakaizumi et al, 1992; Muftuoglu et al., 2005) and lens ‘wobbling’ in phakic (He 
et al., 2010) and pseudophakic (Tabernero et al., 2016) after saccadic eye movements, 
which are suppressed with cycloplegia. The concept for the mechanism of 
accommodating intraocular lenses are based on the evidence of the contractile ability 
of the ciliary muscle in presbyopic eyes, however, the accommodative restoration with 
these lenses remains unclear (Sheppard et al., 2010).     
 
Animal models have significantly contributed to our understanding of presbyopia 
development. As mentioned in section 1.2.3, the accommodative amplitude of rhesus 
monkeys and the time course for presbyopia is similar to that in humans. The ciliary 
muscle of these species undergo age-related changes (Lutjen-Drecoll et al., 1988a) 
and the ultrastructural changes reduce the contractile response of the muscle to 
pilocarpine (Lutjen-Drecoll et al., 1988b) and central stimulation via the Edinger-
Westphal nucleus (Neider et al., 1990), in contrast to humans. The connective tissue 
increases in the ciliary muscle of rhesus monkeys (Lutjen-Drecoll et al., 1988a), but to 
a lesser extent than evident in human tissue (Tamm et al., 1992b). Furthermore, the 
elastic fibres at the posterior attachment of the ciliary muscle of rhesus monkeys, which 
are continuous with Bruchs membrane, show age-related stiffening (Tamm et al., 
1991b). Thus, the mechanical restriction can explain the cause of presbyopia in rhesus 
monkeys since severing the posterior attachment from the choroid, restores the 
contractile response of the muscle to pilocarpine (Tamm et al., 1992c).  
 
Although, inter-species differences exist, recent evidence from human eyes relating to 
the reduced forward movement of the ciliary muscle with increasing age (Shao et al., 
2015) suggests the ultrastructural changes to the posterior attachment of the ciliary 
muscle may also have a role in human presbyopia development. Indeed, vitreous 
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zonules have been observed in monkey and human eyes (Lutjen-Drecoll et al., 2010), 
and, the movement of the strand between the posterior vitreous zonules and lens 
equator shown to reduce with age (Croft et al., 2016b). Moreover, the forward 
movement of the ciliary muscle during accommodation in rhesus monkeys seems to 
contribute to the amplitude of accommodation more so than the centripetal movement 
of the muscle alone (Croft et al., 2006b).  
 
Cleary, there is considerable evidence to support lenticular theories for presbyopia 
development. Indeed, significant findings from in-vivo studies in humans, suggest the 
ciliary muscle contractility is retained even in advanced presbyopes, yet, restoration of 
accommodation using techniques based on the concept of ciliary muscle contractility, 
have generally been unsuccessful. Therefore, further understanding is required of 
ciliary muscle mechanics and its functionality in youthful eyes, which could provide 
essential information to further enhance our understanding of the ciliary muscle and its 
role in accommodation and presbyopia development.  
1.5. Ocular shape variations between emmetropes and myopes 
 
Ocular shape has been investigated in relation to age (e.g. Lim et al., 2011; Lim et al., 
2013), refractive error (e.g. Vohra and Good., 2000; Atchison et al., 2004a; Miller et al., 
2004; Song et al., 2007; Moriyama et al., 2011; Lim et al., 2011) and pathology (e.g. de 
Graaf et al., 2005; de Graaf et al., 2007; Munro et al., 2015). Ocular shape is often 
described by several researchers, however, the generalisation of the term often 
provides confusion. Direct measurements of ocular shape are possible by using 
magnetic resonance imaging (MRI) with data suggesting the size and shape of eyes 
with similar refractive errors significantly vary (Atchison et al., 2004a; Singh et al., 
2006).  
 
Investigating the ocular shape in children can provide information about the 
developmental changes that induce refractive error, which is often difficult to establish 
in adults with established ametropia. Data from Singaporian-Asian babies, aged 
between 5 and 17 days old, suggest the globe shape is prolate at birth (Lim et al., 
2013). As myopia develops, a greater elongation of eye length and width is evident, 
whereas emmetropic eyes have an equal stretch in width, height and length 
dimensions (Lim et al., 2011). Myopic eyes of adults also appear to have a prolate 
shape, but the greatest elongation occurs in axial length and height compared to width 
(Atchison et al., 2004a). In contrast, a recent MRI study comparing the shape of the 
posterior chamber in emmetropes and myopes suggested myopic eyes have a 
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spherical posterior chamber shape (Gilmartin et al., 2013). Also, comparison of the 
dimensions of the posterior chamber shape between both eyes of the same individual 
indicated the vitreous chamber depth ratios were reversed between the right and left 
eye within the temporal and nasal quadrant, in both emmetropes and myopes 
(emmetropic RE temporal = 1.040 ± 0.018 and nasal = 1.017 ± 0.013 vs emmetropic 
LE temporal 1.024 ± 0.015 and nasal 1.039 ± 0.013; myopes RE temporal =1.019 ± 
0.013 and nasal = 1.003 ± 0.015 vs  LE temporal = 1.009 ± 0.017 and nasal = 1.024 ± 
0.016) suggesting processes beyond the optic chiasm may control binocular growth. 
Moreover, no differences were evident within the vertical plane for both refractive 
groups (Gilmartin et al., 2013). A temporal-nasal asymmetry has also been 
documented for some eyes (Singh et al., 2006) and also steeper retinal boundaries 
have been noted within the nasal quadrant of emmetropic and myopic eyes (Atchison 
et al., 2004a). Consequently retinal shape can also be determined and some 
researchers report the findings as ‘ocular shape’. Evaluating the retinal shape from 
mathematical applications of nonrotation symmetrical ellipsoids suggests considerable 
variation within refractive groups, nevertheless, both emmetropes and myopes display 
oblate retinal surfaces, although, the degree reduces with increasing myopia (Atchison 
et al., 2005). Furthermore, an irregular retinal shape has been documented in white 
and Chinese anisomyopes thus creating a prolate surface within the more myopic eye 
(Logan et al., 2004). Irregular eye shapes have been reported in eyes with a low 
myopic refractive error which may be a result of scleral changes that occur prior to the 
onset of a myopic refractive error (Tabernero and Schaeffel, 2009). 
 
Recently, there has been a renewed interest in the role of peripheral optics on 
myopigenesis, based on the earlier findings of Hoogerheide and colleagues who 
concluded that pilots who developed a myopic refractive error initially had a hyperopic 
peripheral refraction (Hoogerheide et al., 1971). Recent, reports indicate the peripheral 
retina can influence refractive error development in children (e.g. Mutti et al., 2007; Sng 
et al., 2011) and animals (e.g. Smith et al., 2005; Smith et al., 2009; Huang et al., 
2011). Although studies have been conducted to investigate peripheral refraction, it is 
clear the sampling at peripheral locations is poorer, resulting in fewer studies 
measuring the peripheral refraction beyond 40° (Gustafsson et al., 2001; Mathur and 
Atchison, 2013).  
 
It is clear from the literature that peripheral refraction varies across the retina. Along the 
horizontal visual field, there is a relative hyperopic peripheral refraction in myopic eyes 
(Rempt et al., 1971; Love et al., 2000; Logan et al., 2004; Atchison et al., 2005; 
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Atchison et al., 2006; Chen et al., 2010) whereas, a relative myopic peripheral 
refraction is apparent in emmetropic eyes (Atchison et al., 2006; Sng et al., 2011). A 
greater relative peripheral hyperopic refraction has been documented in eyes with 
central refractive error between -3 D and -4 D, whereas little variation in the hyperopic 
peripheral refraction has been reported for refractive errors greater than -4 D (Atchison 
et al., 2006), although fewer subjects with high myopia were included in the study. The 
authors also found the central refraction appears to have a greater influence on the 
peripheral refraction along the horizontal meridian rather than the vertical visual field, 
and also seems to affect the peripheral refraction at temporal visual angles beyond 20° 
to 25° and beyond 5° of the nasal visual field.  
 
Comparisons between the orthogonal meridians reveal steeper changes in peripheral 
refractions in the vertical meridian in emmetropic eyes (Atchison et al., 2006). Also, a 
nasal-temporal asymmetry of the peripheral refraction has been reported for 
emmetropic and myopic eyes (Feree et al., 1931; Gustafsson et al., 2001; Seidemann 
et al. 2002; Atchison et al., 2005; Ehsaei et al., 2011; Sng et al., 2011) with the nasal 
visual field showing greater changes in refraction (Gustafsson et al., 2001; Seidemann 
et al. 2002; Atchison et al., 2006). Differences in the refraction exist for the oblique 
meridians of myopic eyes, with the superior-temporal retinal quadrant of myopes 
revealing smaller shifts in relative hyperopia (Ehsaei et al., 2011). In addition, there is a 
superior-inferior asymmetry, although, there does not appear to be any variation with 
increasing myopia (Atchison et al., 2006), however, more studies are required to 
support the evidence.  
 
Nonetheless, there is great individual variability of the peripheral refractive error in eyes 
with similar on-axis refractive errors and axial lengths possibly due to differences in the 
ocular shape (Mutti et al., 2000; Schmid, 2003a). Furthermore, myopes possess a 
steeper retina than emmetropes, which contributes to the peripheral refractions 
documented for the different refractive error groups. Differences in peripheral refractive 
error have also been documented between progressing and non-progressing myopes, 
specifically, a more hyperopic peripheral refraction in the nasal hemifield of progressing 
myopes (Faria-Ribeiro et al., 2013). The astigmatic components of the peripheral 
refraction suggest the retinal shape in progressing myopes is steeper than non-
progressing myopes particularly within the nasal quadrant. A probable explanation is a 
myopic saggital focal image shell in the nasal retina of non-progressing myopes which 
could inhibit ocular growth, in contrast to a hyperopic sagittal focal length in progressive 
myopes within the nasal field; such information suggests the position of the saggital 
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focal length may be important for ocular growth particularly within the nasal retina. 
Although differences in peripheral refraction between progressing myopes and non-
progressing myopes exist, there are no significant differences to the axial length 
changes with accommodation between these groups (Woodman et al., 2012). 
Peripheral refraction does not appear to be related to age (Atchison et al., 2005), 
possibly because the ocular shape has developed and stabilised during adolescence.  
 
Clearly, differences exist in the peripheral refractive profile between refractive groups 
during distance viewing. However, the implication that near vision may be a factor for 
myopigenesis has warranted the investigation of peripheral refraction with 
accommodation (Seidemann et al., 2002; Calver et al. 2007; Davies and Mallen 2009; 
Ho et al. 2009; Whatham et al. 2009; Tabernero and Schaeffel 2009; Lundström et al. 
2009). Calver et al (2007) and Davies and Mallen (2009) reported peripheral refraction 
was independent of accommodation, therefore, probably does not influence 
emmetropisation. Other studies have shown the peripheral refractive error becomes 
more myopic with accommodation (Ho et al., 2009; Whatham et al., 2009; Lundstrom 
et al., 2009), whereas Tabernero and Schaeffel (2009) found no significant differences 
for the peripheral retinal profile and accommodation in emmetropes, along the 
horizontal visual field up to ±45°. Moreover, Davies and Mallen (2009) suggested the 
periphery of the nasal retina has minimum astigmatism, rather than the fovea, which is 
in agreement with the findings of Seidemann et al (2002). Peripheral refraction 
measurements in the vertical meridian have revealed the inferior visual field is more 
myopic than the superior visual field (Seidemann et al., 2002) and there is inferior-
superior retinal asymmetry between emmetropes and myopes with accommodation 
(Lundström et al., 2009). Also, with accommodation, peripheral refraction 
measurements at 30˚ of the nasal retina revealed the ocular shape becomes more 
prolate, although this is not maintained throughout a period of sustained near work 
(Walker and Mutti, 2002). The steeper retina of myopic eyes in comparison to 
emmetropes contributes to the measured peripheral refractions observed in different 
refractive error groups (Schmid, 2003b). Consequently, the variation for peripheral 
refraction data between refractive error groups and in individuals with the same 
refractive error is possibly a consequence of the inconsistency in retinal steepness or 
ocular shape in refractive groups (Mutti et al., 2000; Schmid, 2003b).  
 
Thus, peripheral refraction measurements can only provide assumptions of the ocular 
shape since the combination of peripheral optics and retinal shape contribute to the 
results (Verkicharla et al., 2012). Although the retinal contour between refractive 
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groups has been studied indirectly using peripheral refraction measurements (Logan et 
al., 2004; Faria-Ribeiro et al., 2013; Nagra et al., 2012), direct measurements using 
various optical techniques such as A-scan ultrasonography (Logan et al., 2004), MRI 
(Atchison et al., 2004a, 2004b; Singh et al., 2006; Nagra et al., 2012; Gilmartin et al., 
2013) and partial coherence interferometry (Mallen and Kashyap, 2007; Ehsaei et al., 
2013) are preferable for evaluating the retinal or ocular shape.  
1.6. Aims and objectives of the thesis 
 
The process of accommodation has been investigated for several centuries and 
although hypotheses for the mechanism of accommodation and presbyopia have been 
provided, the exact processes are still unknown. The ciliary muscle has an essential 
role in accommodation as its contraction initiates the morphological changes resulting 
in an increased in dioptric power of the eye. However, a significant proportion of the 
literature is based on early research findings from in-vitro studies on animals and 
humans. Recently, in-vivo results from animal studies have provided further insight into 
the morphology of the ciliary muscle during accommodation. Nevertheless, species 
differences prevnt the generalisation of the possible mechanisms to be related exactly 
to humans. Research related to the role of the ciliary muscle has been limited in 
humans thus there is a paucity of literature on the morphological changes of the ciliary 
muscle during accommodation. In recent years, the advent of high resolution 
instrumentation, particularly optical coherence tomography, has allowed further in-vivo 
studies of the ciliary muscle in humans to be conducted allowing for greater insight into 
the role of the ciliary muscle in accommodation under physiological conditions.   
 
Accommodation studies generally use a range of targets to initiate the accommodative 
response. However, it is unclear which targets allow accurate accommodative 
responses. Therefore, the aims of the thesis was to determine whether the two 
commonly used targets, a Maltese cross or letter target, provide significantly different 
accommodative responses.  
 
The ciliary muscle has a dense innervation as described in the literature review. 
However, there are no in-vivo studies relating to the morphological changes to the 
ciliary muscle with anti-muscarinic agents such as tropicamide and cyclopentolate or 
parasympathomimetic agents such as pilocarpine nitrate on the morphology of the 
ciliary muscle. Indeed, these agents are used frequently for diagnostic and therapeutic 
agents in ophthalmology, however, they may also provide indications for the ciliary 
muscle fibre groups that are likely to have a role in accommodation.  
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Moreover, an asymmetry of the ciliary muscle has been documented from human in-
vivo studies and animal studies, as explained in the literature review. Yet, it is unknown 
whether an asymmetry also exists within the vertical meridian, which could enhance 
our understanding of the structural changes of the ciliary muscle in different meridians. 
Furthermore, investigating the vertical meridian morphology of the ciliary muscle can 
enhance our understanding of the relationship between the ciliary muscle dimensions 
and ametropia.  
 
Consequently, the role of accommodation at the posterior eye is of interest considering 
the role of the vitreous has been proposed by previous researchers and recent studies 
suggest there are axial length changes during accommodation. However, it is unclear 
whether the axial length is the primary locatin for accommodative changes and this is 
further explored in the present thesis.  
 
Overall, the morphological changes to the ciliary muscle using a range of 
pharmacological agents as well as physiological stimuli, as well as the physiological 
effect of accommodation at the posterior eye will be investigated in the present thesis. 
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Chapter 2. Instrumentation 
 
2.1. Optical Coherence Tomography 
 
Optical coherence tomography (OCT) is a high resolution optical imaging instrument 
which provides real-time cross sectional images of objects under investigation (Huang 
et al., 1991; Brezinski and Fujimoto, 1999; Testoni, 2007). The principle is analogous to 
ultrasound biomicroscopy where sound waves are propagated to the object of interest. 
The back reflected sound waves are analysed by a detector and the output indicates 
the mismatch of acoustic waves reflected from the different tissues (Fledelius, 1997). In 
contrast, optical coherence tomography utilises a light source to provide information for 
the structural detail of the object under investigation. Therefore, the main difference 
between both techniques is the source used to form a B-scan from multiple axial scans 
(A-scans).  
 
The velocity of light is very rapid in comparison to sound (the velocity of sound in water 
is approximately 1500 m/sec, whereas for light it is approximately 3 x 108 m/sec. 
Fujimoto et al, 2000). Therefore, spatial information from reflected light echoes are too 
fast to detect by electronic sensors. To overcome this limitation, instruments exploit the 
principle of low coherence interferometry with the use of a Michelson interferometer. A 
low coherent light source travels towards a 50/50 beam splitter which divides the beam 
into two, resulting in each beam travelling perpendicular to the other. One beam travels 
along the reference path towards the reference arm, whereas the second beam travels 
along the sample path towards the structure of interest. When the beam from the light 
source to the object is equidistant to the beam directed towards the reference mirror, 
each beam is reflected back along the path to coincide at the detector, as shown in 
Figure 2-1. The detector analyses the interference of the signal between the reference 
beam and the beam along the sample path and provides an electrical output. The 
overall optical path difference (OPD) = sample path length-reference path length 
(Podoleanu, 2012). Interference only occurs when the optical path lengths are matched 
and within the coherence length of the light source (Tomlins and Wang, 2005). 
Therefore, the maximum interference signal will occur when OPD = 0, with the signal 
strength decreasing as the interference becomes greater than the coherence length of 
the light source (Podoleanu et al., 2004).  
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The performance of optical coherence tomographers are based upon resolution and 
imaging depth. The bandwidth of the light source determines the axial resolution 
(Gabriele et al., 2010).The axial resolution of OCT has significantly improved over the 
last decade, where resolutions less than 10 µm have been achieved. Ultra-high 
resolution of 3 µm has also been reported with the use of an 800 nm wavelength short 
pulse solid-state laser to generate low coherence light (Drexler et al., 2001). The 
transverse resolution is dependent upon the ease to focus the source, and since light is 
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Figure 2-1. A schematic diagram depicting the principle of OCT. A low coherent light source 
is projected towards the beam splitter which divides the light into two beams, one directed 
towards the reference mirror (reference path) and the other directed towards the tissue of 
interest (sample path). Both beams are backscattered and detected by the interferometer 
which measures the differentiation of time delay between the beams to provide a measure of 
distance. Interference only occurs when the reference and sample arm optical path lengths 
are coordinated within the coherence length of the light. 
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easier to focus than sound, the resolution of OCT is greater (Fujimoto et al., 2000) than 
that for ultrasound. High frequency ultrasound, nevertheless, can produce high 
resolution images but is attenuated within the tissue, therefore penetration is limited to 
a few millimetres (Fujimoto et al., 2000). For OCT, the depth through which the light 
beam can travel is dependent upon the centre wavelength of the light source (Gabriele 
et al., 2010) as well as the absorption and scattering properties of the surface which 
influence the back-reflection of light. Generally, the light source can penetrate tissue 
between 1-3 mm which is similar to the resolution achieved from biopsies and 
histological sections (Fujimoto et al., 2000). The technique is capable of providing high 
quality data even in the presence of aberrations and unlike ultrasound, the resolution of 
OCT does not reduce with increasing depth.  
 
The penetration of light to various layers within the tissue sample can be achieved by 
translating the reference mirror which occurs in a time-domain OCT (Tomlins and 
Wang, 2005), or stabilising the reference mirror as adopted for frequency domain OCT. 
Within a frequency domain OCT, reflected frequencies are analysed with a 
spectrometer to provide spatial information using a Fourier transform (Fercher et al., 
1996; Gabriele et al., 2010), unlike time-domain OCT where coherence of light is 
analysed by a sensor. Therefore, Fourier domain OCT measures the reflected light 
from various layers simultaneously, whereas time domain instruments measure the 
echo of light sequentially (Kiernan et al., 2010). Thus, the acquisition rate is faster in a 
frequency domain OCT compared to time-domain, which is an important consideration 
during ocular imaging where steady eye fixation may not always be possible. Although 
the high sensitivity of frequency domain OCT (Leitgeb et al., 2003) makes it attractive 
for clinical settings, the resolution is limited by the resolution of the spectrometer. 
 
The description of an OCT for use in clinical situations was first demonstrated with a 
super luminescent diode transmitting a wavelength of 830 nm for axial scanning, thus, 
creating A-scans and subsequent B-scans (Huang et al., 1991). The authors confirmed 
the ability of the optical coherence tomographer to produce high resolution images for 
transparent and non-transparent tissue. Thus, they imaged retinal tissue (a relatively 
transparent medium), as well as an artherosclerotic plaque (a non-transparent, highly 
reflective medium). The non-invasive instrument was capable of producing high-
resolution images that were comparatively similar to microscopic analysis of 
histological sections, which emphasised the prospect for the technique in research and 
clinical environments. Consequently, over the last two decades the advancements in 
OCT have significantly contributed to the medical field. Nevertheless, the most 
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abundant application of optical coherence tomography is within ophthalmology and 
optometry where the advantage of non-contact is valuable for patient comfort.  
 
Frequency domain has been adopted for many commercially available optical 
coherence tomographers including Cirrus HD-OCT (Zeiss) and Spectralis (Heidelberg 
Engineering), which produce axial resolutions of 5 µm and 6 µm, respectively (Kiernan 
et al., 2010). The instruments provide real-time images from the rapid performance, 
processing and acquisition of data with results displayed very quickly. The transverse 
and axial scanning of the incident beam across the tissue provides a two dimensional 
image which is presented as a false-colour or grayscale image (Fujimoto et al, 2000). 
 
Investigation of anterior eye abnormalities has warranted the application of optical 
coherence tomography for the anterior eye. Although some optical coherence 
tomographers, such as the Cirrus OCT (Zeiss), have the capability to image the 
anterior eye with a supplement attachment, it is not currently possible to image the 
anterior and posterior segment simultaneously due to the high refractive power of the 
anterior segment (Walsh, 2011). In 1994, Izatt and colleagues proposed the use of 
posterior segment OCT for anterior eye imaging. The OCT had a super luminescent 
diode with an 830 nm wavelength with a longitudinal resolution of 10 µm and was 
mounted onto a slit lamp. The lateral resolution was controlled by the beam diameter 
which influenced the aperture of the lenses that focussed the beam within the eye. The 
authors used various aperture lenses to focus the light at different ocular layers to 
ensure the depth of focus matched the depth of the intraocular structures. The optical 
data was converted into geometric values by dividing the path length with the refractive 
index of the separate ocular tissues. Motion defects from involuntary eye movements 
were removed from the computer analyser. As such, the cornea, iris, sclera and 
anterior chamber were clearly identified. However, with an 830 nm wavelength, there 
was significant scattering of light within the anterior eye, which subsequently prevented 
the optical light source from acquiring data from deeper layers (Izatt et al., 1994).  
 
In 2001, a real-time anterior optical coherence tomographer was developed using a 
1310 nm wavelength. The infrared wavelength resulted in less scattering within the 
ocular media in comparison to an 830 nm wavelength light source. Furthermore, the 
longer wavelength was able to image deeper ocular structures as it was not absorbed 
or reflected significantly within the tissue, therefore, providing detailed anatomical data. 
Thus, the authors established the capability for detailed imaging of the various layers in 
the iris, scleral spur, anterior chamber angle, anterior lens capsule, and pars plicata of 
the ciliary body although the increased scattering of light within the sclera hindered the 
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visibility of the outline of the pars plicata (Radhakrishnan et al., 2001). Another 
advantage of a longer wavelength is its strong absorption in water, resulting in 
minimum amount reaching the retina, which means a higher power source can be used 
allowing data to be obtained faster (Steinert and Huang, 2008).  
 
Hoerauf et al (2002) described a transscleral optical coherence tomographer, where an 
infrared super luminescent diode producing a wavelength of 1310 nm and a coherence 
length of 20 µm was attached to a slit lamp. The depth of imaging was 1.8 mm and the 
axial resolution was approximately 15 µm. Several anatomical structures were imaged 
including the anterior chamber angle and the iris. Moreover, the ciliary body and 
longitudinal portion of the ciliary muscle were clearly identified. However, imaging the 
ciliary body required light to travel through the sclera. The sclera is an inhomogenous 
medium containing collagen fibrils of different diameters, with variation in refractive 
indices between the fibrils and scleral tissue, therefore, the anatomical structure 
increases the scattering of light passing through (Foster and de la Maza, 2013). 
Furthermore, the signal intensity of the light reduced with increasing depth of tissue 
therefore preventing the ability to image the zonules (Hoerauf et al., 2002).  
 
Therefore, high-resolution detail of the anterior structures can be obtained in-vivo using 
a longer wavelength of light, which also allows visualisation of deeper structures within 
the anterior segment due to the reduced scattering properties of the infrared beam 
within the ocular media. However, a limitation of the longer wavelength incorporated in 
anterior segment OCT, is the absorption of the wavelength by pigmented structures 
such as the iris, preventing further penetration of the light waves into deeper ocular 
tissue.  
 
The Visante AS-OCT (Zeiss) was the first commercially available anterior segment 
OCT. Manufacturer (Carl Zeiss, Meditec) details state the instrument incorporates a 
super luminescent diode which transmits a light source with a wavelength of 1310 nm. 
The instrument provides several options for scanning the anterior segment. The high-
resolution corneal mode produces 512 A-scans at a rate of 0.25 seconds per line 
acquisition time, therefore, no motion artefacts are visible. The optical resolution is 18 
µm in the axial direction and 60 µm in the transverse direction. Therefore, the 
instrument has been used to image the internal anterior chamber diameter, white-to-
white diameter (Kohnen et al., 2006), anterior chamber depth (Piñero et al., 2008), and 
anterior chamber angle (Leung et al., 2008). Investigation of the anterior eye is 
important for intraocular lens implantation where the depth assessment of the anterior 
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chamber is vital (Baikoff et al., 2004b). Also, imaging the cornea is especially relevant 
for patients to identify anatomical changes which occur to the cornea after laser 
refractive surgery (Ustundag et al., 2000).  
 
The SL-OCT (Heidelberg) is also available and uses a 1300 nm superluminescent 
diode, however, the instrument scans at a lower speed in comparison to the Visante 
AS-OCT. Recently, the RT-Vue (Optovue) anterior segment optical coherence 
topographer has become available that has a resolution of 5 µm and employs an 830 
nm wavelength light source that is analysed with frequency domain. As such, the 
acquisition rate is faster than the time domain Visante AS-OCT. Nevertheless, the 
depth of penetration through tissue is greater with Visante due to the longer 
wavelength of 1310 nm, therefore providing greater information of deeper anatomical 
structures (Ramos and Huang, 2009). For this thesis, the Visante AS-OCT has been 
used for acquiring data for the anterior segment of the eye, and, will only be considered 
further.  
 
Optical coherence tomographers contain spatial errors resulting from non-telecentric 
lateral scanning, use of scanners and optical distortion from refraction of light at each 
intraocular interface. Axial distortion can be significant and causes a greater distortion 
along the vertical meridian than the horizontal meridian (Podoleanu et al., 2004). Light 
refracts when there is a change in the refractive index between different mediums and 
as a non-contact instrument for ophthalmology, the first interface where the refractive 
index is altered is between the air and cornea interface. As the light beam travels 
through the ocular media, the values for the refractive index of the various structures is 
essential to convert the optical path length into physical lengths. Thus, raw images 
cannot be used to quantify morphological structures as data for the optical path length 
is provided rather than the geometric values. Various methods have been proposed for 
correcting the distortion resulting from refraction in custom-made OCT instruments, 
such as applying Fermats principle (Westphal et al., 2002) and dividing the optical path 
length by the refractive index of the medium (Wang et al., 2002), however, applying 
such a principle for peripheral measurements where the deviation of non-parallel rays 
occurs, is less accurate. Quantifying ocular changes is vital to monitor disease 
progression, therefore, the correction of distorted images is vital for clinical and 
research settings.  
 
Various scan modes can be used for capturing anterior eye structures with the Visante 
AS-OCT, however, the manufacturer does not provide information regarding the 
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correction factor for each scanning method (Ramasubramanian and Glasser, 2015). An 
in-built edge-detection algorithm is applied to determine the surface curvature of the 
cornea and the anterior chamber depth within the instrument (Baikoff, 2006). The 
accuracy of the data presented from corneal scans with AS-OCT have been 
investigated using a model eye; the results suggest the residual distortion remains 
even when images are corrected with in-built software. Nevertheless, the uncorrected 
images overestimate the corneal and lenticular thickness whereas the anterior 
chamber depth and surface curvature are underestimated, indicating the in-built 
software significantly reduces the errors (Dunne et al., 2007). Correction of the images 
are vital especially when using the data for investigating refractive error since 
uncorrected images can induce an error of 0.80 D (Ramasubramanian and Glasser, 
2015). The Visante OCT has good intrasession and intersession repeatability for 
corneal parameters (Ramasubramanian and Glasser, 2015).  
 
OCT images of the ciliary muscle have a higher definition than ultrasound 
biomicroscopy, allowing for easier identification of the scleral spur, which is used as a 
reference point for analysis. The development of a semi-automated software (Kao et 
al., 2011) provides data for landmarks at various locations including 1 mm, 2 mm and 3 
mm posterior to the scleral spur but no indication of the ciliary muscle length due to the 
difficulty of detecting the posterior visible limit manually. However, ciliary muscle length 
is an important measurement considering the length has been reported to reduce with 
accommodation (e.g. Sheppard and Davies, 2010b) and age (e.g. Tamm et al., 1992b).  
2.1.1. Analysis of ciliary muscle images acquired with Visante AS-OCT 
 
Throughout this thesis, the ciliary muscle images obtained with the Visante AS-OCT 
have been analysed using the semi-automated software described by Laughton et al 
(2015) to provide quantifiable data for ciliary muscle parameters. The analysis 
procedure is described below.  
 
To ensure the examiner was masked to the refractive error, ciliary muscle orientation 
and accommodative demand level, all images were coded prior to image capture. The 
same examiner (PR) acquired the images and analysed the data. The images were 
exported as raw DICOM (Digital Imaging and Communications in Medicine) files and 
saved onto an external hard drive. Previous authors have reported the images are 
corrected for geometric distortion automatically by the instrument prior to exporting 
(Kao et al., 2011; Ramasubramanian and Glasser, 2015). Consequently, the images 
were imported into Matlab R2014b (The Mathworks Inc., Massachusetts, USA). The 
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images were resized to 512 x 1280 pixels but were not cropped nor reduced in size. 
The software requires the examiner to identify several landmarks before the data is 
provided for the various ciliary muscle parameters. Firstly, the location of the scleral 
spur is located (Figure 2-2) and subsequently the position which is beyond the 
posterior visible limit of the ciliary muscle is found (Figure 2-3).   
 
Figure 2-2. The scleral spur is initially identified with the semi-automated software 
shown with the star on the image. 
 
 
Figure 2-3. The posterior visible limit is shown by the star on the image. 
 
A vertical line appears midway between the points located and the examiner is required 
to choose the positions relating to the sclera/ciliary muscle boundary and the ciliary 
muscle/pigmented ciliary epithelium boundary (Figure 2-4).  
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Figure 2-4. The red vertical line is shown from which the superior and inferior limits of 
the ciliary muscle are located.  
 
Consequently, the software fits 10 vertical lines between the scleral spur and the 
posterior limit of the ciliary muscle that are separated by 1 pixel intervals every 0.5 mm. 
This allows the software to determine the ciliary muscle border using a 2nd order 
Fourier series that is differentiated to fit the ciliary muscle profile. The process is 
completed separately for the superior and inferior boundaries of the ciliary muscle, with 
the maximum peak corresponding to the line which crosses the ciliary muscle 
boundary. As such, a second order polynomial curve is fitted to the ciliary muscle 
profile (Figure 2-5).  
 
 
 
Figure 2-5. The ciliary muscle is outlined with the red curves.  
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Nevertheless, finding the ciliary muscle/pigmented ciliary epithelium border is more 
difficult to determine, therefore, the software allows for manual identification of the 
border to improve the fit of the border if the automated procedure is not suitable. 
Therefore, the examiner locates three points and a curve is fitted to those locations. In 
addition, the inner apex must also be manually selected as the image clarity is not as 
prominent within the region. After the curves have been fitted, the OCT image is 
converted into a binary image and internal Matlab edge detection algorithms are used 
to determine the air/sclera interface. The interface is fitted with a second order 
polynomial curve, followed by a tiered refractive index correction to scleral (n= 1.41) 
and ciliary muscle tissue (n= 1.38) which corrects the optical distortion that has been 
well documented within OCT images. The values for the refractive indices are based 
upon published data from rabbit scleral and ciliary body tissue (Nemati et al., 1997; 
Nemati et al., 1998). Moreover, the refractive index of bovine muscle tissue (Dirckx et 
al., 2005) and human cardiac muscle (Tearney et al., 1995) has also been reported as 
1.38.   
 
 
 
 
 
Considering the difficulty of identifying the posterior visible limit documented (Kao et al., 
2011), the software determines the limit automatically by identifying the minimum 
separation of the curves posteriorly, that have been fitted to the boundary of the ciliary 
muscle. Determining the posterior visible limit using this technique has produced highly 
repeatable results (Laughton et al., 2015). Furthermore, the software provides valid 
and repeatable data for the ciliary muscle parameters (Laughton et al., 2015). Overall, 
the software provides data for: 
 Straight line total distance from the scleral-spur to the posterior visible limit (CM 
length)  
 Ciliary muscle total length measured along the scleral/ciliary muscle boundary 
(CM length Arc) 
Figure 2-6. The ciliary muscle images are corrected for the refractive indices for the 
air/scleral interface (green curve) and ciliary muscle tissue (yellow curve).  
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 Maximum thickness (CMMAX) which is the perpendicular distance measured 
from the inner apex to the sclera 
 Anterior length measured perpendicularly from the line of maximum thickness to 
the scleral spur (SS-CM) 
 Distance between the scleral spur and the inner apex (SS-IA) 
 The thickness measured 1 mm posterior to the scleral spur along the scleral 
curve (CMT1) 
 The thickness measured 2 mm posterior to the scleral spur along the scleral 
curve (CMT2) 
 The thickness measured 3 mm posterior to the scleral spur along the scleral 
curve (CMT3) 
 Thickness measured at 25% of the total curved length of the ciliary muscle 
(CM25) 
 Thickness measured at 50% of the total curved length of the ciliary muscle 
(CM50) 
 Thickness measured at 75% of the total curved length of the ciliary muscle 
(CM75) 
 
 
Figure 2-7. The ciliary muscle length and proportional thickness measurements are 
shown for the temporal quadrant; SS= Scleral spur, IA = inner apex. The anterior 
length is shown in blue and the maximum ciliary muscle thickness in pink. 
 
2.2. Optical Biometry 
 
The measurement of ocular biometry such as axial length, anterior chamber depth and 
the corneal radii of curvature is termed ocular biometry. Such measurements are 
essential for formulae that are used to calculate the intraocular lens power for patients 
enlisted for cataract surgery. A-scan ultrasonography has frequently been used in the 
past to obtain biometry measurements (Coleman, 1969; Hoffer, 1980; Shammas, 1982; 
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Bee and Kiat., 1984), nevertheless, the compromise between the resolution and 
increasing penetration depth results in a lower longitudinal resolution of approximately 
200 µm (Olsen, 1989). Therefore, accurate axial length measurements are not always 
possible. However, ultrasound biomicroscopy is an essential instrument for determining 
the axial length when there are dense media opacities (Tehrani et al., 2003; Freeman 
and Pesudovs, 2005). Nonetheless, ultrasound biomicroscopy requires the use of a 
topical anaesthetic and is an invasive technique which requires the use of a probe on 
the cornea, increasing the risk of corneal abrasions and corneal infections.  
 
Axial length is the main determinant for accurate assessment of intraocular lens power, 
and considering 54% of inaccurate intraocular lens powers can be attributed to errors 
in axial length measurements (Olsen, 1992), the development of high resolution 
instrumentation, such as the IOLMaster, has improved the refractive outcome for 
patients as a result of the improved accuracy of axial length measurements.  
2.2.1. Optical biometers: IOLMaster (Zeiss) and LenStar LS900 (Haag-Streit) 
 
The IOLMaster is a high resolution instrument that uses the principle of partial 
coherence interferometry (PCI), in order to calculate the axial length of the eye. 
Infrared light with a wavelength of 780 nm (Santodomingo-Rubido, 2002; Rajan et al., 
2002) is directed towards the anterior surface of the cornea which is used as a 
reference point by the IOLMaster. Consequently, the beam is divided into two by a 
beam splitter, with each beam directed towards a mirror (Santodomingo-Rubido, 2002). 
Thus, the principle is analogous to one-dimensional OCT. The advantage of a dual 
beam is that the instrument is insensitive to longitudinal eye movements (Hitzenberger, 
1991). In order to convert optical path lengths into geometrical distances, an average 
refractive index (n= 1.3549) is used. Precise and accurate axial length measurements 
can, thus, be obtained in non-pathological (Hitzenberger, 1991) and cataractous eyes 
(Hitzenberger, 1993). The precision of axial length measurements is 10 µm (Drexler et 
al., 1998a) and axial length measurements are highly reliable (Vogel et al., 2001), 
repeatable and valid (Santodomingo-Rubido, 2002). Axial length measurements are 
acquired along the visual axis of the eye and acquisition is possible for eye lengths 
within the range of 14-38 mm. Furthermore, the IOLMaster axial length measurements 
are automatically calibrated to immersion ultrasound (Olsen, 2005).  
 
The LenStar is a newer optical biometer and is also analogous to OCT, however, the 
instrument utilises a super luminescent diode to produce a short coherent infra-red light 
source of wavelength 820 nm. The instrument is able to obtain simultaneous 
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measurements for axial length, lens thickness, anterior chamber depth, retinal 
thickness and central corneal thickness, along the visual axis. In contrast to the 
IOLMaster, the LenStar design consists of a rotating prism cube, rather than mirrors, 
therefore rapid A-scans are obtained quickly (Kaschke et al., 2014). The measurement 
of the intraocular parameters are precise (Shammas and Hoffer, 2012) and there is 
good intrasession and intersession repeatability for anterior chamber depth, axial 
length, keratometry, central corneal thickness and white-to-white distance (Zhao et al., 
2013; Buckhurst et al., 2009). According to the technical information provided by the 
manufacturer (www.haag-streit.com), the corneal thickness measurements have a 
resolution of 1 µm and measurements can be provided for corneal thicknesses within 
the range (300-800 µm). The instrument is capable of acquiring data for anterior 
chamber depth within a range of 1.5-6.5 mm, lens thickness between 0.5 and 6.5 mm, 
and axial length between 14 and 32 mm. The resolution of the anterior chamber depth, 
lens thickness, axial length and corneal diameter is 10 µm. As with the IOLMaster, the 
LenStar defines the axial length as the distance between the anterior corneal surface 
and the retinal pigment epithelium.  
 
There is moderate agreement between the anterior chamber depth measurements 
obtained with the IOLMaster and LenStar (Hoffer et al., 2010) possibly attributed to the 
different techniques used. Considering cycloplegia produces a deeper anterior 
chamber depth (Mutti et al., 1994), the pre and post-cycloplegia biometric 
measurements obtained with the LenStar and IOLMaster are reportedly statistically 
significant (Sheng et al., 2004; Huang et al., 2012). 
 
The LenStar has excellent repeatability with mean intersession differences reported as 
-0.008 ± 0.020 mm for axial length, 0.001 ± 0.006 for central corneal thickness, -0.024 
± 0.010 for anterior chamber depth, -0.030 ± 0.120 mm for the lens thickness and -
0.047 ± 0.240 mm for the corneal diameter (Shammas and Hoffer, 2012). The 
intraocular measurements obtained are highly reproducible (Cruysberg et al., 2010). 
The LenStar can also be used to measure the choroidal thickness as determined from 
the A-scan data, with good repeatability of results (Read et al., 2011). 
 
The refractive index for converting optical distances to geometrical lengths, is 
proprietary information for the LenStar. However, comparing the axial lengths of model 
eyes obtained with the IOLMaster and LenStar, Suheimat and colleagues (2015) 
deduced refractive indices for the cornea (1.340), aqueous (1.341), lens (1.415) and an 
overall group refractive index (1.354). Due to the unlikely physiological refractive index 
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for the cornea, the authors reported the instrument possibly calibrates the optical path 
length to correct for instrument errors.  
 
There is good agreement (Hoffer et al., 2010) and correlation (Holzer, 2009) between 
the axial length measurements obtained with the LenStar and IOLMaster, although the 
lengths provided by the LenStar are longer in comparison to the IOLMaster (Buckhurst 
et al., 2009; Hoffer et al., 2010; Shen et al., 2013). For example, Hoffer and colleagues 
(2010) reported the mean axial length with the LenStar was 23.72 (SD 1.21) mm and 
23.70 (SD 1.20) mm with the IOLMaster, for eyes with clear lenses. Buckhurst and 
colleagues (2009) reported axial length measurements which were 10 µm longer than 
the IOLMaster in cataractous eyes, which approximately equates to a refractive 
difference of 0.03 D and thus is clinically insignificant. Due to the differences which 
have been documented, some researchers suggest the axial length measurements are 
interchangeable (Hoffer et al., 2010; Jasvinder et al., 2011), however, Zhao et al (2013) 
reported the axial length data obtained with the LenStar and IOLMaster, in a myopic 
population, was not interchangeable since the error produces clinically significant 
differences for calculating refractive error (difference between 0.62 and 1.00 D). 
Cruysberg and colleagues (2010) found a statistically significant difference between the 
axial length measures of both instruments, and although the difference did not produce 
a clinically significant error for the intraocular lens power calculation, the authors 
concluded the measurements between both instruments are not interchangeable.  
 
Nevertheless, there is a good correlation of axial length measurements between the 
IOLMaster and LenStar in eyes with a cataract, as well as pseudophakic, aphakic and 
silicone oil filled eyes (Rohrer et al., 2009). However, optical techniques cannot always 
obtain biometric measurements and a recent report suggests the failure rate of axial 
length acquisition is 62.16% with the IOLMaster and 64.53% with LenStar, for eyes 
with cataracts, with the greater errors due to posterior subcapsular cataracts 
(McAlinden et al., 2015). The IOLMaster is capable of measuring the axial length in 
highly myopic eyes with posterior staphylomas, which is not always possible with the 
LenStar (Shen et al., 2013). Nevertheless, there is a good correlation between the axial 
length measurements obtained with the LenStar and IOLMaster for highly myopic eyes 
(correlation 0.11 mm; Shen et al., 2013). Furthermore, cycloplegia does not have a 
significant effect on the axial length measurements obtained with the optical biometers 
(Sheng et al., 2004; Huang et al., 2010; Bakbak et al., 2013). In comparison to 
applanation ultrasound, the measurements obtained with the IOLMaster are longer. 
The differences arise because compression of the cornea occurs with the ultrasound 
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probe and the reflection of the ultrasound source is from the inner limiting membrane 
compared to the retinal pigment epithelium with IOLMaster (Eleftheriadis, 2003). 
Generally, non-contact techniques are preferable by patients (Eleftheriadis, 2003; 
Hoffer et al., 2010) and are therefore used frequently in clinical practice. 
 
The use of partial coherence interferometry and optical low coherence interferometry 
techniques can be used to obtain peripheral eye length measurements (Hitzenberger., 
1991; Schmid, 2003b; Mallen and Kashyap, 2007). Consequently, differences in the 
retinal contour have been found between emmetropic and myopic eyes, with myopic 
eyes having a greater axial length and generally longer eye lengths for the peripheral 
retina (Ehsaei et al., 2013).  
 
The LenStar provides repeatable on-axis and off-axis eye length measurements, 
although repeatability is poorer at 10° of the nasal retina (Schulle et al., 2013).There is 
good agreement between the peripheral eye length measurements obtained with the 
LenStar and IOLMaster and both instruments have good intrasessional (IOLMaster 
0.04 (SD 0.04), LenStar 0.02 (SD 0.02)) and interesessional repeatability for peripheral 
eye length measurements along both the horiozontal and vertical meridains  
(Verkicharla et al., 2013). However, the authors reported greater intrasessional 
variability, specifically, at 20°, 25° of the temporal field and 10° and 30° of the superior 
field with the IOLMaster, and 15° of the temporal field with the LenStar possibly due to 
the location of the optic disc. The intersessional repeatability for eye lengths was 
minimal for the central visual field but became less accurate for both instruments as the 
angle was increased. There is good agreement between both instruments for the 
measurement of the horizontal and vertical visual fields (mean difference of 0.01 mm 
(SD 0.07) for the horizontal visual field and 0.02 (SD 0.07) for the vertical visual field). 
Eye rotation reportedly induces 0.75 D of myopic increase in the refractive error 
(Seidemann et al., 2002). However, peripheral eye length measurements are valid with 
the LenStar when eye movements occur (Verkicharla et al, 2013). 
2.3. Autorefraction 
 
The Grand Seiko WAM 5500 autorefractor/keratometer (Grand Seiko Co. Ltd., 
Hiroshima, Japan) is a binocular open-field autorefractor used to provide 
measurements for refraction, pupil size and keratometry. The instrument has a 12.5 cm 
x 22 cm open field beam splitter allowing fixation of external targets for distant viewing. 
An open field autorefractor ensures accommodation is relaxed, and instrument myopia 
is minimal unlike closed-view autorefractors which use fogging techniques to relax 
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accommodation and internal viewing targets that may induce instrument myopia 
(Smith, 1983; Rosenfield and Cuiffreda, 1991). The autorefractor calculates the 
refractive error using the same principle as the Grand Seiko WR-5100K autorefractor. 
An infrared ring is imaged onto the retina and focused by a rapidly moving motorized 
track with an attached lens and the images are analysed in several meridians to 
calculate the toroidal refractive error. Up to 106 static images can be produced in 1 
minute and a range of refractive errors can be measured between ± 22.00 D for the 
sphere component and ± 10.00 D for the cylinder (Davies et al., 2003) in 0.01 D, 0.12 
D or 0.25 D steps, and 1° increments for the cylinder axis (Sheppard and Davies, 
2010a). Accurate alignment of the instrument to the visual axis of the eye is possible 
due to the visibility of the pupil on a colour LCD monitor (Davies et al., 2003).  
 
Validity of the instrument is generally reported as the agreement between the 
subjective refractive error results and the objective refraction determined with the 
autorefractor, and good agreement has been reported for the measurement of distance 
refractive error, indicating good control of accommodation by the instrument (Davies et 
al., 2003; Sheppard and Davies, 2010a; Aldaba et al., 2015). Sheppard and Davies 
(2010a) reported statistically, but not clinically significant, differences of the cylindrical 
and J0 component of the refractive error between subjective refraction and objective 
measurements with the Grand Seiko WAM 5500 autorefractor. Nevertheless, the 
autorefractor is a repeatable and valid instrument for clinical practice and research 
(Sheppard and Davies, 2010a). Although the autorefractor is open-field for binocular 
viewing, hypermetropic refractive errors are underestimated, possibly, due to the 
inability for participants to relax their accommodation completely (Sheppard and 
Davies, 2010a). Cyloplegia is more effective at eliciting the hyperopic refractive error 
prior to autorefraction, although relaxing accommodation with fogging lenses are 
effective in emmetropic eyes (Queiros et al., 2008).  
 
The Grand Seiko WAM 5500 autorefractor can be used to measure the static and 
dynamic accommodative responses (dynamic mode at a frequency of 5 Hz). Lower 
stimulus amplitudes have been identified for static accommodative response compared 
to the dynamic measurements (e.g. for a 2 D stimulus mean static accommodative 
response 1.41 D and mean dynamic accommodative response 1.54 D), whereas for 
higher stimulus amplitudes, the static accommodative responses are slightly higher 
than dynamic (e.g. for an 8 D stimulus, static accommodative response 5.79 D and 
dynamic accommodative response 5.34 D) and the differences are statistically 
significant. The variation between the static and dynamic responses is probably due to 
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individual performance for accommodation tasks and possible accommodative fatigue, 
rather than differences induced by the instrument itself (Win-Hall et al., 2010). The 
autorefractor provides repeatable results for the assessment of initial near induced 
transient myopia and its early decay (Lin et al., 2013) and can also be used to assess 
the accommodative response in phakic and pseudophakic eyes (Nemeth et al., 2013).  
 
Pupil measurements are also provided for static and dynamic modes by detecting the 
iris boundary and superimposing a circle of best fit (Sheppard and Davies, 2010a). 
Pupil measurement are provided in 0.1 mm increments and are possible for pupil sizes 
greater than or equal to 2.3 mm, although, the maximum pupil size that can be 
measured by the instrument is unknown. Measurements of the central corneal radius 
are also possible by analysis of the reflected corneal ring diameter measured in 3 
meridians separated by 60° and within the range 5.0 to 10.0 mm (Sheppard and 
Davies, 2010a).  
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Chapter 3. Is the accommodative response dependant on the choice of 
target? 
 
3.1. Introduction 
 
Amplitude of accommodation refers to the maximum accommodative ability of the eye 
and can be quantified using a range of subjective techniques (push up to blur, pull 
down to blur, minus lens or dynamic retinoscopy) or evaluated objectively using 
autorefractors (Wold et al., 2003; Win-Hall et al., 2007; Anderson and Stuebing., 2014). 
Subjective techniques are dependent upon patient responses for first blur and 
consequent sustained blur for the object viewed (Rosenfield, 2009) and are influenced 
by the depth of focus, which is defined as the range of vergences for which an object 
can be clearly focussed upon the retina. The depth of focus is influenced by pupil 
miosis as well as the increasing angular size of the object, with closer proximity (Wang 
and Cuiffreda, 2006). Dynamic retinoscopy is considered an objective technique, 
however, a subjective input from the examiner is still required to determine the 
maximum accommodation. Consequently, a greater variation in results have been 
reported between examiners when assessing the accommodative amplitude with 
dynamic retinoscopy (Rutstein et al., 1993), nevertheless, the reproducibility is greater 
than subjective methods (León et al., 2012). 
 
Objective results obtained with autorefractors refer to the optical ability of the eye. 
Although the instruments do not depend on participant responses, the measurements 
are influenced by pupil size and instrument design (Win-Hall et al., 2007). For example, 
as mentioned in Section 2.3, the Grand Seiko WAM 5500 autorefractor is unable to 
obtain measurements when the pupil size is less than 2.0 mm. Furthermore, the design 
of binocular open view autorefractors allow viewing of real objects unlike closed-view 
autorefractors which consequently stimulate proximal accommodation or instrument 
myopia (Miwa, 1992).  
 
Several studies have compared subjective and objective amplitude of accommodation 
results, and generally report an over-estimation with subjective techniques (Ostrin and 
Glasser, 2004; Nemeth et al., 2013; Adnan et al., 2014; Anderson and Stuebing, 2014). 
Therefore, measuring the accommodative response with objective techniques is more 
appropriate than using subjective techniques which are known to overestimate the true 
response (Ostrin and Glasser, 2004). Duane (1912) recorded the amplitude of 
accommodation with age and although the data was obtained using subjective 
methods, the study is often cited frequently in relation to the accommodative decline 
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with age. Recently, evaluation of the objective accommodation from childhood to 
adulthood has been reported and indicates the amplitude of accommodation increases 
from preschool to school age, followed by a gradual decrease in early adulthood and a 
consequent rapid decrease within the mid-forties and onwards (Anderson and 
Stuebing, 2014).  
 
Values for amplitude of accommodation are not only dependent on the method or 
technique used but also various factors which influence the ability of the eye to 
accommodate. It is clear that perceived blur initiates the accommodative response 
(Cuiffreda, 1998), however, this is dependent upon the stimulus used. Owens (1980) 
reported optimal accommodative response for targets with a spatial frequency between 
3-5 cycles/degree, rather than targets containing higher or lower spatial frequencies, 
suggesting sharp edges are not essential for the accurate stimulation of 
accommodation. Furthermore, monocular accommodation is dependent upon 
luminance contrast with no accommodative response occurring for isoluminant 
contours (Wolfe and Owens, 1981). Moreover, Fincham (1951) documented that 
longitudinal chromatic aberration is essential for stimulating accommodation, which is 
supported by findings that the accommodative response is greatest when the normal 
chromatic aberration of the eye is present when a target is illuminated by a white light 
(Aggarwala et al., 1995). In addition, Lovasik and colleagues (1987) reported 
accommodative responses are not dependent upon the angular subtense of letter 
targets. Consequently, controlling target sizes, luminance and contrast are essential for 
studies investigating accommodation.  
 
Thus, a majority of accommodation and presbyopia research utilise Badal optometers 
which allow independent variation between target size and vergence and provide a 
linear relationship between the target position and vergence. Furthermore, the angular 
size of the object remains constant and is independent of the target position and 
vergence, if the eye is placed at the back focal point of the Badal lens (Badal, 1876 
cited by Atchison et al., 1995). Recently, Aldaba and colleagues (2016) reported 
statistically significant differences between the accommodative responses when real 
targets were viewed in comparison to stimulating accommodation using a Badal 
optometer and an optical system (mean difference 0.58 D (SD 0.53)). The authors 
reported the position of targets in real space as well as the field of view contributed to 
the documented differences in accommodative responses. Therefore, inaccurate 
accommodation may occur if inappropriate depth cues are used, especially for high 
accommodative stimuli (Molins et al., 2016). However, apparent depth cues appear to 
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be important for stimulating accommodation under closed-loop conditions but are likely 
to be ineffective under open-view conditions where blur cues are more potent and 
reduce the effect of perceptually driven accommodative response (Busby and 
Cuiffreda, 2005).  
 
A wide range of targets are often used to stimulate accommodation, including a single 
letter target (e.g. Anderson and Stuebing, 2014), a series of letters on a letter chart 
(e.g. Wold et al., 2003) or a star or Maltese cross (e.g. Aggarwala et al., 1995; Win-Hall 
et al., 2007; Day et al., 2009). Recently, Win-Hall and colleagues (2007) identified 
higher accommodative responses for a star stimulus target in comparison to letters of 
decreasing angular subtense. Although it is evident that stimulation of the 
accommodative system is dependent on various factors, it is unclear whether there are 
differences in accommodative responses for the most frequently used stimuli within 
accommodation studies. The aim of this study was to determine whether a Maltese 
cross or letters are the most appropriate fixation targets for use in accommodation 
studies, by assessing the objective accommodative response to each stimuli.  
3.2. Methods 
 
The study was conducted in accordance to the tenets of the Declaration of Helsinki. 
Written and verbal information was provided to participants before they provided written 
consent for their participation. A favourable opinion was provided by the Life and 
Health Sciences Ethics Committee at Aston University before the study commenced.  
3.2.1. Sample size calculation 
 
The number of participants required for the study was determined from a statistical 
power test based on a calculation using G*power (version 3.1.9.2; Universitat Kiel, 
Germany). In order to measure a medium effect size (f=0.25), based on a within-
between factors ANOVA design and a required statistical power (1-β) of 95% with an 
error probability (α) of 0.05, at least 24 participants were required.  
3.2.2. Inclusion criteria 
 
Participants were invited to answer questions relating to their ocular and general health 
to ensure they had no ocular or health concerns or using any medication since 
amplitude is affected by various factors including recreational and prescribed drugs and 
general health conditions (Burns et al., 2014). Exclusion criteria included astigmatism 
which was greater than 1.00 DC, participants with an ocular injury or surgery that 
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affected the accommodative apparatus. Volunteers who were amblyopic or had a 
binocular vision condition were also excluded from the study.  
 
Refractive error 
The monocular refractive error was measured with the Grand Seiko WAM 5500 
autorefractor from each eye (Sheppard and Davies, 2010), whilst the contralateral eye 
was occluded with an eye patch. Subjects viewed a Maltese cross target (average 
target luminance and Michelson contrast was 34.0 cd/m2 and 82%, respectively) within 
a Badal lens system. The Badal lens system consisted of a +5.00 D full aperture lens 
(diameter 10 cm) with a Maltese cross target placed at the focal point of the lens (20 
cm) allowing a measure of the refractive error at 0 D of accommodation. The constant 
angular subtense of the Maltese cross target was 6.8˚ horizontally and vertically. 
Participants were classified as emmetropic if the MSE was within the range -0.50 D to 
+0.75 D and myopic if MSE was less than -1.00 D.      
 
Visual acuity 
Visual acuity was determined using a logMAR visual acuity chart with the subject’s 
habitual refractive error. Visual acuity was measured monocularly and binocularly to 
ensure a visual acuity of at least 0.00 logMAR.   
3.2.3. Procedure 
 
Prior to data collection, the refractive error of the myopic participants were corrected 
with a soft daily contact lens (Nelfilcon A; water content 69%) in order to ensure the 
participants were functionally emmetropic. The over-refraction with the contact lens in-
situ was determined with the autorefractor and all participants were within +0.50 D.  
The objective accommodation was determined with the Grand Seiko WAM 5500 
autorefractor from the right eye only with the contralateral eye occluded. In order to 
ensure the maximum accommodative amplitude was determined for all participants, a 
Badal lens system with an auxiliary lens was used to increase the ocular vergence 
range (Atchison et al., 1995). The Badal lens system consisted of a full aperture 
convex lens (+5.00 D) which was placed 20 cm from the eye, and an external gantry 
that was fixed onto the autorefractor, as shown in Figure 3-1. The gantry had a full 
aperture convex (+5.00 D lens, 4 cm diameter) auxiliary lens which was placed 40 cm 
from the larger full aperture lens, to stimulate 0 D demand level. The auxiliary lens was 
moved to stimulate 1 to 8 D in 1 D steps accommodative demand levels.  
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The targets used for the study were a Maltese cross target (average Michelson 
contrast 82 %) and a high contrast (100%) ETDRS letter chart. Room illuminance was 
approximately 300 lux and the average target luminance was 50 cd/m2. The targets 
were placed against a wall 2.5 m behind the autorefractor, and reflected in a mirror 
which was placed 5 m from the target (Figure 3-2). The constant angular subtense of 
the Maltese cross target was 0.86 ° horizontally and vertically.  
 
To ensure the targets were aligned to the visual axis of the eye, participants were 
asked to report whether the targets were positioned in the centre of the infrared 
measurement circle which appears when the autorefractor is obtaining measurements. 
Minor adjustments to the target positions were made until the object was within the 
infrared ring and thus, any data obtained prior to alignment were discarded before 
analysis. The vertex distance for the autorefractor was set as 0 mm and the results 
displayed in 0.12 D steps. 
 
 
 
    Figure 3-1. The Grand Seiko WAM 5500 autorefractor with a metal gantry and Badal  
    lens system setup. 
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Figure 3-2. Schematic diagram showing the WAM 5500 placed 2.5 m away from the 
target. the target is placed 5 m away from the mirror. The +5.00 D meniscus lens is 
fixed in position and the auxillary lens is moved to stimulate accommodation.  
 
 
The participants were instructed to view the lowest line of letters they could read clearly 
on the letter chart and to continue focussing on one of the letters on the line. For the 
Maltese cross, the participants were instructed to view the centre of the cross and to 
ensure it remained clear as the auxiliary lens was moved towards the eye to stimulate 
accommodation. The target and accommodative demand levels were randomised and 
the static objective accommodative response was recorded for each level.  
 
Once data collection was completed, the contact lens was removed from the myopic 
participants and the eye health checked with the slit lamp.  
The results were converted to the mean spherical equivalent and the accommodative 
response calculated for each accommodative demand level.  
3.2.4. Statistical analysis 
 
A Shapiro-Wilk test (SPSS Statistics 21; SPSS Inc., Illinois, USA) revealed normal 
distribution of the data for the accommodative response for all demand levels. 
Therefore, assumptions of normality and homogeneity of variance were met.  A within-
between repeated measures analysis of variance (ANOVA) was performed (Armstrong 
et al., 2011) to determine whether there was a difference in the accommodative 
response and target choice. To determine whether there was a significant relationship 
between refractive error and target choice, a within-between repeated measures 
ANOVA was performed. A within-between repeated measures ANOVA was also 
conducted to determine whether there was a significant effect of accommodative 
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responses to target choice within each refractive error group. There was non-sphericity 
for the accommodation term as well as the refractive error term, as assessed with 
Mauchley’s test of sphericity (p< 0.05), therefore, Greenhouse Geiser results are 
reported. Post-hoc comparisons were determined using Bonferroni correction.  
3.3. Results 
 
Accommodative responses of inexperienced observers are often weaker than those 
who are practiced at accommodation tasks (Horwood and Riddell, 2010). Therefore, for 
this study, 40 participants were recruited to account for attrition of data due to poor 
accommodative responses. Consequently, data are presented for 35 participants due 
to the inability for 5 participants to accommodate efficiently to all stimulus levels 
presented in this study. The mean age and refractive error of the cohort was 20.2 (SD 
1.9) years and -1.30 D (SD 1.96), respectively. There were 13 myopes (mean age 20.6 
(SD 1.8) years, mean refractive error -3.26 D (SD 0.98)) and 22 emmetropes (mean 
age 19.9 (SE 1.41) years, mean refractive error -0.14 D (SD 0.50)).   
 
Table 3-1 shows the mean accommodative response for all participants to the letter 
target and Maltese cross target and the mean difference between the accommodative 
responses to both stimuli. The accommodative response to the letter target was greater 
than the Maltese cross for all accommodative demand levels, except 7 D, which is also 
shown in Figure 3-3. There was a lag of accommodation for all accommodative 
demand levels.  
Table 3-1. The mean accommodative response to a letter target and Maltese cross 
target, and the mean difference between the accommodative responses of both targets 
for 35 participants. The response is reported as the MSE with the standard error. 
 
Accommodative 
demand (D) 
Accommodative 
response for letter 
target (D) 
Accommodative 
response for 
Maltese cross 
target (D) 
Mean 
difference in 
accommodative 
response  
between letter 
and Maltese 
cross target (D) 
0 0.22 (SE 0.07) 0.22 (SE 0.07) 0  
1 0.53 (SE 0.08) 0.38 (SE 0.11) 0.15 (SE 0.09) 
2 1.26 (SE 0.09) 1.11 (SE 0.11) 0.15 (SE 0.08) 
3 2.21 (SE 0.11) 2.03 (SE 0.05) 0.18 (SE 0.11) 
4 3.23 (SE 0.09) 2.92 (SE 0.12) 0.31 (SE 0.11) 
5 4.02 (SE 0.09) 3.82 (SE 0.10) 0.21 (SE 0.11) 
6 4.91 (SE 0.09) 4.66 (SE 0.11) 0.25 (SE 0.09) 
7 5.40 (SE 0.22) 5.45 (SE 0.12) -0.05 (SE 0.24) 
8 5.89 (SE 0.20) 5.72 (SE 0.19) 0.18 (SE 0.19) 
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The accommodative response to the letter target was statistically significant for all 
stimulus demand levels (F376.96, p<0.001) and post-hoc analysis revealed the mean 
differences were statistically significant between baseline and all accommodative 
stimuli levels (p<0.001). The pairwise comparisons were highly significant (p<0.001) 
between all accommodation levels, except, between the 6 D and 7 D demand levels 
(mean difference -0.48 D (SE 0.22, p=1.00) and between 7 D and 8 D demand levels 
(mean difference -0.50 (SE 0.24), p= 1.000).  
There was also a highly significant effect of participant accommodative responses to 
the Maltese cross target for all accommodation demand levels (F782.39, p= 0.000). Post-
hoc analysis for the Maltese cross data revealed statistically significant differences 
between baseline accommodation level and all accommodative stimuli used in the 
study (p= 0.000). The pairwise comparisons were highly statistically significant 
between all accommodation levels (p=0.000) except between 7 D and 8 D demand 
levels (mean difference -0.27 (SE 0.098), p= 0.367). There was no significant 
difference between the average accommodative responses for the letter target or the 
Maltese cross (F1.91, p= 0.172) or significant interaction between accommodation and 
target chosen (F0.561, p= 0.640).  
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Figure 3-3. The accommodative response to a letter target and Maltese cross for each 
accommodative demand level. The linear black line represents the accommodative 
response which equals the accommodative demand.  
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Figure 3-4. Comparison of the accommodative responses (D) between the letter target 
and Maltese cross target. The responses were significantly correlated (p< 0.001) with 
larger amplitudes measured using the letter target as indicated by the intercept.   
 
 
Regression analysis was performed with the accommodative response to the letter 
target plotted on the x-axis and the accommodative response to the Maltese cross 
target plotted on the y-axis. There was a significant correlation between the 
accommodative responses for the letter target and Maltese cross target, as seen in 
Figure 3-4, with larger responses evident for the letter target as indicated by the 
intercept for the line of best fit.   
 
Difference versus the mean analysis also indicates greater accommodative responses 
to the letter target in comparison to the Maltese cross (mean difference 0.076 D), as 
shown in Figure 3-5. 
y= 0.0767 + 0.925x 
 
y= 0.0767 + 0.925x 
 
y= 0.0767 + 0.925x 
 
y= 0.0767 + 0.925x 
r= 0.938, r2= 0.881, p< 0.001 
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the letter target and 
Maltese cross target. The 
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(p< 0.001) with larger 
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indicated by the 
intercept.r= 0.938, r2= 
0.881, p< 0.001 
 
r= 0.938, r2= 0.881, p< 0.001 
 
Table 3-3. Comparison of 
the accommodative 
responses (D) between 
the letter target and 
Maltese cross target. The 
responses were 
significantly correlated 
(p< 0.001) with larger 
amplitudes measured 
using the letter target as 
indicated by the 
intercept.r= 0.938, r2= 
0.881, p< 0.001 
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Figure 3-5. Comparison of the accommodative responses (D) between the letter target 
and Maltese cross target. Mean difference was 0.076 D, 95% confidence limit, -1.93 to 
+ 1.78 D. 
 
Accommodative 
demand (D) 
Accommodative response for letter 
target (D) 
Accommodative response for 
Maltese cross target (D) 
Emmetropes Myopes Emmetropes Myopes 
0 0.17 (SE 0.09) 0.30 (SE 0.09) 0.17 (SE 0.09) 0.30 (SE 0.09) 
1 0.57 (SE 0.07) 0.56 (SE 0.18) 0.48 (SE 0.11) 0.22 (SE 0.22) 
2 1.28 (SE 0.10) 1.22 (SE 0.20) 1.23 (SE 0.11) 0.91 (SE 0.24) 
3 2.31 (SE 0.15) 2.03 (SE 0.17) 2.08 (SE 0.09) 1.99 (SE 0.21) 
4 3.18 (SE 0.08) 3.31 (SE 0.20) 2.98 (SE 0.11) 2.81 (SE 0.23) 
5 4.00 (SE 0.09) 4.07 (SE 0.20) 3.92 (SE 0.10) 3.64 (SE 0.22) 
6 4.93 (SE 0.09) 4.89 (SE 0.21) 4.76 (SE 0.11) 4.50 (SE 0.24) 
7 5.18 (SE 0.33) 5.75 (SE 0.20) 5.58 (SE 0.13) 5.22 (SE 0.25) 
8 5.96 (SE 0.21) 5.78 (SE 0.41) 5.86 (SE 0.24) 5.47 (SE 0.34) 
Table 3-2. The mean accommodative response to each accommodative demand of the 
letter target and Maltese cross target for emmetropes (n= 22) and myopes (n= 13). The 
response is reported as the MSE with the standard error. 
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Figure 3-6. The mean accommodative response (D) for each dioptre of 
accommodative demand for the letter target between emmetropes (n= 22) and myopes 
(n= 13). The error bars represent ±1 SE of the mean.  
 
 
Table 3-2 shows the accommodative response per dioptre of accommodative demand 
for emmetropes and myopes separately, for the letter and Maltese cross target used for 
this study. The accommodative response per dioptre of accommodation to the letter 
target for emmetropes and myopes, is shown in Figure 3-6, and it can be seen the 
accommodative responses were similar between emmetropes and myopes, for all 
demand levels. Myopes showed a weaker accommodative response to a 3 D stimulus, 
but had a greater response for a 7 D compared to the emmetropes. The responses to 
the Maltese cross target is depicted in Figure 3-7, and it can be seen that the 
accommodative responses were greater for the emmetropes than the myopes, for all 
demand levels. However, there was no significant interaction between refractive error 
and accommodative response to the letter target (F1.061, p= 0.37) or Maltese cross 
target (F0.270 p= 0.79). Furthermore, there was no significant differences between 
accommodative responses elicited by the emmetropes and myopes to the letter target 
(F0.047, p= 0.83) or Maltese cross target (F1.821, p= 0.19).  
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Figure 3-7. The mean accommodative response (D) for each dioptre of 
accommodative demand for the Maltese cross target between emmetropes (n= 22) and 
myopes (n= 13). The error bars represent ± 1 SE of the mean. 
 
 
Within each refractive group, the use of a letter target or Maltese cross did not produce 
a significant difference to the accommodative response (emmetropes F0.218, p= 0.64; 
myopes F1.921, p= 0.18).  
3.4. Discussion 
 
The results from this study indicate that both the letter target and Maltese cross elicit 
significant accommodative responses for a range of accommodative demand levels, in 
young adults with a range of refractive errors. Furthermore, the results suggest the 
choice of target for stimulating the accommodative system may be more important 
when considering ametropia since a greater lag of accommodation was evident in 
myopic participants when the Maltese cross target was used, which suggests the 
resolution of a central ‘dot’ is not as accurate when compared to letter targets. Studies 
investigating the accommodative apparatus generally use a letter target or Maltese 
cross in order to produce defocus blur which stimulates the accommodative response 
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(Campbell and Westheimer, 1960). Eventhough the results for the current study 
indicate the accommodative response to a letter target is greater compared to the 
Maltese cross, overall, there were no significant differences for the accommodative 
response to each target nor between refractive error groups, suggesting either target 
can be used for accommodation studies.  
 
For the current study an ETDRS chart consisting of letters of decreasing size was used 
since the type of letter used to stimulate accommodation does not appear to have a 
significant effect on the accommodative stimuli-response curves of emmetropes and 
myopes (Yeo et al., 2006; Radhakrishnan et al., 2015). Participants were instructed to 
resolve the smallest line of letters they could see clearly since smaller letters are 
known to improve the accuracy of the accommodative system (Tucker and Charman, 
1975; Seidemann and Schaeffel, 2003) regardless of the ametropia (Schmid et al., 
2005). In agreement with Schmid et al (2005) no significant differences were evident in 
the accommodative responses for the myopic and emmetropic participants in the 
current study, when a letter target was used. The likely increase in accuracy in 
accommodative response to a letter target is probably because identification of smaller 
letters requires discrimination of the strokes within the letter, whereas larger letters are 
resolved by their edges (Majaj et al., 2002). A similar explanation can also be related to 
the central dot of the Maltese cross target as it does not have fine detail that requires 
accurate resolution, and therefore probably explains the lower accommodative 
responses measured in comparison to the letter target. Nevertheless, the cognitive 
effect of using letters compared to the Maltese cross may also explain these 
differences in accommodative response.  
 
The accommodative stimulus-response curves, shown in this study, follow the pattern 
described by Cuiffreda and Kenyon (1983), where an initial non-linear portion of the 
curve indicates the tonic accommodation level; this portion is shown between 0 D and 
1 D accommodative demand levels and represents the accommodative lead. 
Consequently, a linear zone representing a proportional increase of the 
accommodative response to the accommodative demand level, is shown between 2 D 
and 6 D accommodative demand levels. The accommodative response then increases 
for the 7 D and 8 D demand levels, however, the responses are not linear with the 
increase in the accommodative demand level. Overall, inspection of the stimulus-
response curves for the whole cohort indicates the maximum objective amplitude of 
accommodation occurred to a 7 D accommodative demand level. 
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There are various methods for altering the vergence of the target to stimulate 
accommodation, including moving the target distance or using minus lenses to 
stimulate blur. Minus lenses produce a minified image of the object viewed and there is 
conflicting evidence about the use of concave lenses for stimulating accommodation, 
especially since some individuals are unable to accommodate accurately to optical blur 
(Abbott et al., 1998). Some reports suggest minus lenses provide reliable 
measurements of the accommodative results in younger participants (Ostrin and 
Glasser, 2004; Wold et al., 2003), whereas, a greater error in accommodative response 
(i.e. accommodative leads at low demands and greater lags at higher demand levels) 
has also been reported (Yeo et al., 2006). Nevertheless, the average amplitude of 
accommodation for the cohort analysed for this study was to the letter target for a 7 D 
demand level, where the mean accommodative response was 5.40 D (SE 0.22) which 
is comparable to the findings by Anderson and Stuebing (2014), who measured 
objective accommodation using a similar protocol as the present study, and reported a 
maximum amplitude of accommodation of 5.98 (SD 1.36) D for their cohort between 21 
and 25 years of age. Moreover, Win-Hall and colleagues (2007) documented a 
maximum accommodative amplitude of 5.67 (SE 0.15) D using minus lenses for their 
cohort with a slightly higher mean age range (25.6 ± 2.26 years) and refractive error 
range (between -5.75 D to +2.75 D), than analysed for this study. In contrast, Wold et 
al (2003) used a Hartinger optometer and reported an amplitude of accommodation of 
7.00 ± 0.91 D for their young cohort (age range 23 to 28 years and a 36 year old 
participant). Differences in methodology can explain the variances in the stimulus-
response curves between emmetropes and myopes since no significant differences 
have been reported between the accommodation error of emmetropes and myopes 
when the target distance is altered (Yeo et al., 2006), although using negative lenses 
either produces a similar accommodative accuracy between emmetropes and myopes 
(Radhakrishnan et al., 2015), or a lesser accommodative accuracy in myopes than 
emmetropes (Yeo et al., 2006).  
 
Indeed, it is evident from the literature there are various factors which affect the 
accommodative response including blur cues, chromatic aberration and an alteration to 
target size (Kruger and Pola, 1986) with greater target sizes over-estimating the 
amplitude of accommodation (Rosenfield and Cohen, 1995). Furthermore, a reduction 
of the contrast target below the contrast threshold can reduce the accommodative 
response to the tonic level (Rosenfield et al., 1994), although, a recent study indicates 
a reduction in contrast between 90% and 60% does not have significant effect on the 
accommodation response curves for emmetropes and myopes (Schmid et al., 2005). 
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Therefore, a Badal optometer was used in the current study to control for these factors. 
Although recent studies indicate depth cues should be used with Badal optometers 
when stimulating the accommodation system, especially for higher accommodative 
demand levels (Aldaba et al., 2016), the lack of depth cues used with the Badal 
optometer within the present study did not produce large accommodative lags, and 
rather the amplitude was similar to previous studies (Win-Hall et al., 2007; Anderson 
and Stuebing, 2014), suggesting the accommodative responses of emmetropes and 
corrected myopes are similar for real targets whether size and disparity cues are 
present (Seidel et al., 2005). 
 
In addition, accommodation was stimulated monocularly within the present study, 
therefore, reducing the effect of convergence accommodation. Although, similar 
accommodative lags have been reported whether a target is viewed under monocular 
(lag of 0.18 D per dioptre of accommodation) or binocular conditions (lag of 0.17 D per 
dioptre of accommodation), the lags become greater under monocular conditions when 
larger letters are used (Seidemann and Schaeffel, 2003). Lags of accommodation have 
been reported by many researchers. McBrien and Millodot (1986) identified a greater 
lag of accommodation in myopes compared to emmetropes, when a reading print 
target was used. The myopes were divided into early onset myopes (myopia 
development before 13 years of age) and late-onset myopes (myopia development at 
15 years or later), however, the mean refractive error for each group was not reported. 
A larger lag of accommodation was noted for the higher stimulus levels between the 
late-onset myopes and the hypermetropic cohort (a difference of 0.45 D lag), whereas, 
a difference of 0.29 D in accommodative lag to a 5 D stimulus was evident between the 
late onset myopes and emmetropes. These reported differences are greater than 
identified in the current study where a mean difference of 0.07 D in accommodative lag 
was found between emmetropes and myopes for a 5 D letter target. However, the 
myopes were not classified by the onset of their refractive error in the current study. 
The differences in the lag of accommodation between the current study and McBrien 
and Millodot (1986) may be due to the method of stimulating vergence since the 
authors varied the distance of the target, therefore incorporating proximal cues in their 
results, although the angular subtense remained constant. 
 
Pupil size decreases as accommodation is stimulated, thus increasing the depth of 
focus of the eye. However, Individuals with larger pupil sizes during relaxed 
accommodation may exhibit less pupil miosis during accommodation resulting in 
greater spherical aberrations and a consequent lag of accommodation compared to 
96 
 
individuals with smaller pupils. Lags of accommodation have often been reported as 
greater in myopic individuals, therefore, the relationship between ametropia and pupil 
size and accommodation is of interest. Although it has been suggested that myopes 
have larger pupils (Hirsch and Weymouth, 1949), most studies seem to support the 
hypothesis that pupil size is not dependent on refractive error (Jones, 1990; Winn et al., 
1994; Charman and Radhakrishnan, 2009), and therefore, unlikely to influence 
accommodative responses (Charman and Radhakrishan, 2009). McBrien and Millodot 
(1986) suggested the greater accommodative lag evident in myopic individuals was 
possibly due to the greater parasympathetic innervation to the ciliary muscle which 
would render the individual myopic. However, a combination of environmental and 
genetic factors contribute to myopia development and although the greater lags have 
been confirmed by several studies (Millodot, 2015), the inaccurate accommodative 
response often reported in myopes is likely a possible consequence of myopia 
development (Mutti et al., 2006). Indeed, pupil miosis occurs during accommodation, 
thus, increasing the depth of focus of the eye. Although the findings in this study 
revealed greater lags of accommodation for the higher demand levels, the greater lag 
is not likely to result from miosis and the consequent increased depth of focus 
(Seidemann and Scaheffel, 2003). Moreover, the greater difference in the lag of 
accommodation between the emmetropes and myopes was only evident when the 
Maltese cross target was used, indicating the target choice rather than refractive error 
produced the differences in lag. Nevertheless, it would have been of interest to 
investigate whether there was significant pupil miosis during accommodation between 
the refractive groups to determine whether pupil size confounded the results.  
 
Although the findings from this study suggest that stimuli consisting of letter targets or a 
Maltese cross can provide accurate accommodative responses, the data were only 
obtained from young observers. However, presbyopes are known to produce lower 
accommodative responses when the accommodative system is stimulated with minus 
lenses in comparison to pharmacological stimulation with pilocarpine (Ostrin and 
Glasser, 2004). Therefore, target choice may not be a significant factor for presbyopes. 
Nevertheless, identifying whether accommodative responses differ when different 
targets are used should be investigated in presbyopes, especially since significant 
research relating to the performance of accommodating intraocular lenses is assessed 
using non-pharmacological techniques. Furthermore, the present study did not confirm 
the refractive error with cycloplegia, however, all participants had an eye examination 
within 12 months of participating in the study, within the optometry clinics at the 
university, where significant latent hypermetropia would have been identified. 
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In conclusion, accurate accommodative responses are possible to a high contrast letter 
target or Maltese cross, for a young cohort who are experienced to accommodation 
tasks. Nevertheless, the choice of target may be important for accommodation studies 
investigating the differences in the accommodative responses between refractive error 
groups, for which a letter target should be considered.  
 
3.5. Summary 
 
 The aim of the study was to determine whether a significant difference in 
accommodative response was evident to a Maltese cross target and letter 
targets. Furthermore, whether differences in the accommodative response was 
evident between emmetropes and myopes was also investigated for each of the 
targets 
 Objective accommodative responses were evaluated from a pre-presbyopic 
cohort 
 The main findings were: 
o The accommodative response to a letter target is greater than a Maltese 
cross, however, there were no significant differences in the responses 
between the targets  
o There were no significant differences in the accommodative response 
between emmetropes or myopes for the letter or Maltese cross target 
 The findings suggest both a Maltese cross and letter target can elicit accurate 
accommodative responses in young participants, and are suitable target 
choices for accommodation research.  
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Chapter 4. Can topical anti-muscarinic agents be used to differentially 
identify ciliary muscle fibre groups? 
 
4.1. Introduction 
 
The non-selective muscarinic antagonists, tropicamide and cyclopentolate, are 
essential agents for use in clinical practice due to their cycloplegic and mydriatic 
properties, which aid the examination of refractive error and ocular health. They are the 
most frequently used anti-muscarinic agents as they have a rapid onset for mydriasis 
and cycloplegia, as well as a fast recovery from these effects. Various studies have 
documented statistically significant differences between non-cycloplegic and 
cycloplegic refractions (Egashira et al., 1993; Twelker et al., 2001; Mimouni et al., 
2016), indicating the importance of  cycloplegic refractions as the gold-standard for 
epidemiological studies in children and adults up to 50 years of age (Morgan et al., 
2015). Nevertheless, the depth of cycloplegia and mydriasis is dependent upon various 
factors such as iris colour (Manny et al., 1993), corneal permeability (Siu et al., 1999) 
as well as the concentration of the agent used (Lovasik, 1986). 
 
There are many reports suggesting inadequate cycloplegia in individuals with dark 
irides, especially in early studies, where results were obtained using subjective 
methods (e.g. Milder and Riffenburgh, 1953; Dillon et al., 1977; Lovasik, 1986). In 
contrast, measuring residual accommodation with objective methods indicates an 
insignificant effect of iris colour on the measurement of refractive error, accommodation 
or alteration to ocular components (Mutti et al., 1994). The depth of cycloplegia is 
important for clinical and research practice since it is vital an adequate cycloplegic 
effect occurs before the assessment of refractive error. Manny and colleagues (1993) 
investigated residual accommodation after instillation of cyclopentolate 1%, and their 
results suggested minimal residual accommodation in participants with lighter irides. 
However, the time course for cycloplegia was dependent on iris colour with a longer 
duration (30-40 minutes) documented in individuals with darker irides (Manny et al., 
1993). Furthermore, the authors reported variability for the time course of maximum 
cycloplegia with 40% of participants reaching maximum cycloplegia within 15 minutes 
post-instillation and 22% of their participants not showing a maximum cycloplegic effect 
before 45 minutes. Retention of residual accommodation after cycloplegia is probably 
related to ethnicity as greater amplitudes of accommodation have been reported in 
Hispanic participants (Manny et al., 2001). Although a greater dose or concentration of 
the anti-muscarinic agent increases the degree of mydriasis and cycloplegia (Barbee 
and Smith, 1957), the risk of an adverse reactions also increases (Jones et al., 1991). 
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The use of a topical anaesthetic prior to the instillation of tropicamide appears to 
prolong its cycloplegic effect (Mordi et al., 1986a), whereas, a faster onset of 
cycloplegia occurs when used prior to cyclopentolate (Lovasik, 1986). 
 
There is conflicting evidence within the literature relating to the most appropriate agent 
for cycloplegic refractions. For example, a less effective cyloplegia occurs with the use 
of tropicamide (Milder, 1961; Mordi et al., 1986a; Lovasik, 1986; Mutti et al., 1994) such 
that the depth of cycloplegia is approximately 60-70% in comparison to atropine 
(Milder, 1961). Yet, comparison of the latent hyperopia elicited between tropicamide 
and cyclopentolate within healthy children (mean age 8.8 ± 2.0 years) indicates 
invariant differences (tropicamide: +0.77 ± 0.45 D, cyclopentolate: +0.91 ± 0.57 D) and 
a clinically insignificant latent hyperopic bias with cyclopentolate, suggesting both 
agents are suitable for cycloplegic refractions in children (Egashira et al., 1993). 
Twelker and colleagues (2001) have also reported insignificant differences of the 
cycloplegic results obtained using two drops of 1% tropicamide in comparison to 1% 
cyclopentolate in children with a mean age 5.7 ± 0.7 years.  
 
Considering both tropicamide and cyclopentolate are competitive antagonists to 
acetylcholine and compete for muscarinic receptors within the iris and ciliary body, the 
documented differences for cycloplegia indicate the agents may alter the morphology 
of these anatomical structures differently. Mutti and colleagues (1994) determined the 
effect of 1% tropicamide and 1% cyclopentolate on the ocular components of 20 
hyperopic children (age range 6-12 years). The authors reported the residual amplitude 
of accommodation, measured objectively, was greater with the use of tropicamide than 
cyclopentolate. Furthermore, biometric measurements, obtained with A-scan 
ultrasonography, revealed statistically significant differences between both agents for 
anterior chamber depth (mean difference +0.07 ± 0.10 mm), crystalline lens thickness 
(mean difference -0.03 ± 0.05 mm) and crystalline lens power (mean difference -0.65 ± 
0.69 D). Similarly, Drexler et al (1997) also documented changes to ocular biometry 
after instillation of 1% tropicamide and 1% cyclopentolate for two myopes (MSE -1.75 
D and -4.00 D) and one emmetrope (MSE -0.375 D). Although the myopic refractive 
error was uncorrected during data acquisition and the age range of the participants was 
unspecified, the authors reported no significant differences to the anterior chamber 
depth (difference of 61. 2 µm) or lens thinning (difference of - 51.6 µm) between both 
agents. Comparison of the differences between the lens thinning data reported by 
Drexler et al (1997) and Mutti et al (1994) is possibly due to the different methodology 
employed for ocular biometry measurements, as well as the sample size analysed.  
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Significant differences have also been reported between tropicamide and 
cyclopentolate for measurements of refractive error, lens thickness (difference 0.04 
mm) and anterior chamber depth (difference 0.59 mm) as well as the posterior radii of 
curvature (difference 0.16 mm) in young children (mean age 6.36 (SD 0.8) years), 
whereas for older children (mean age 16.74 (SD 0.7) years), significant differences are 
only evident for lens thickness (difference 0.04 mm) and the anterior radius of 
curvature (difference 0.45 mm; Owens et al., 1998). Although the results suggest the 
anti-muscarinic agents have a greater effect on a younger age group, the differences 
reported by the authors may also have occurred due to the different dose of agents 
used in the study: two drops of 1% tropicamide were instilled after administration of 
proparacaine in the young children, whereas, only one drop of 1% cyclopentolate was 
instilled in older children.  
 
Tropicamide and cyclopentolate increase the anterior chamber depth (Sheng et al., 
2004; Arici et al., 2014; Sander et al., 2014), which is most likely to occur from the 
reduction in lens thickness. Interestingly, the increased depth has also been reported 
with the use of tropicamide in pseudophakic eyes (Kriechbaum et al., 2003), 
suggesting anti-muscarinic agents produce similar effects in presbyopes and pre-
presbyopes. However, the effect of anti-muscarinic agents on the axial length is 
equivocal; some studies suggest tropicamide and cyclopentolate do not alter the axial 
length significantly, as measured with the IOLMaster (Sheng et al., 2004; Arici et al., 
2014; Adler et al., 2015), whereas measurements obtained with the LenStar indicate a 
reduction to the length after the instillation of homatrapine (Sander et al., 2014). 
However, the conflicting data are probably due to the type of anti-muscarinic agent 
used as homatropine is known to produce a greater cycloplegic effect.  
 
The choroid extends anteriorly to the ciliary body (Nickla and Wallman, 2010) and there 
is evidence to suggest anti-muscarinic agents may have an effect on choroidal 
thickness, with a significant decrease in subfoveal choroidal thickness documented 
after the use of tropicamide (Kara et al., 2014), whereas a thickening to the sub-foveal 
and para-foveal choroid has been documented with homatropine (Sander et al., 2014). 
In contrast, Kim et al (2012) used Mydria-P, a combination of tropicamide and 
phenylephrine (tropicamide 5 mg/ml, phenylephrine 5mg/ml), in 59 participants, whose 
age range was not specified. The results indicated no significant differences in the 
choroid before and after drug instillation.  
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Overall, it is evident that refractive error and intraocular biometry are altered differently 
depending on the anti-muscarinic agent used. Although ocular biometry measurements 
have been reported in children and adults, the findings are generally limited to the 
anterior chamber depth, lens thickness and axial length. However, the effects of anti-
muscarinic agents on the contraction and mobility of the ciliary muscle have not been 
studied in-vivo, even though the ciliary muscle contraction initiates the accommodative 
response and has an abundance of muscarinic receptors which are the site of action 
for these agents.  
 
Consequently, the aims of the study were to identify the morphological changes that 
occur to the ciliary muscle with anti-muscarinic agents, and to define regions within the 
ciliary muscle that are involved in accommodation. Ocular biometry was also 
investigated with the agents. Residual accommodation was also assessed for a sub-
group of participants to determine the depth of cycloplegia with each anti-muscarinic 
agent.   
4.2. Methods 
 
The study was conducted in accordance to the tenets of the Declaration of Helsinki. 
Written and verbal information was provided to participants before they provided written 
consent for their participation. A favourable opinion was provided by Aston University 
Research Ethics Committee before the study commenced.  
4.2.1. Sample size  
 
The number of participants required for this study was calculated from a statistical 
power test using G*power (version 3.1.9.2; Universitat Kiel, Germany). In order to 
measure a medium effect size (f=0.25), based on a within subject ANOVA design and 
a desired statistical power (1-β) of 90% with an error probability (α) of 0.05, at least 26 
participants were required.  
4.2.2. Participants 
 
Volunteers were recruited from the optometry undergraduate cohort through email 
announcements.  
 
Inclusion criteria 
Participants were invited to answer questions relating to their refractive history, ocular 
history and general health. Healthy participants were recruited with no history of ocular 
injury, surgery or pathology and no general health concerns. Exclusion criteria included 
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participants who had an ocular or systemic disease, participants who had an ocular 
injury, trauma or surgery which affected the cornea, or accommodative apparatus. 
Volunteers who were amblyopic or had a binocular vision condition were also excluded 
from the study. Due to the greater lag of accommodation documented for myopic 
individuals (e.g. Abbott et al., 1998; Mutti et al., 2006) and the lower amplitude of 
accommodation evident in corrected hypermetropes (Maheswari et al., 2011), only 
participants with emmetropic refractive errors were recruited for the study.  
 
Visual acuity 
The procedure has been described in Chapter 3 section 3.2.2.    
 
Refractive error 
The procedure for determining the refractive error has been described in Chapter 3 
section 3.2.2. Participants were classified as emmetropic if the MSE was within the 
range -0.50 to +0.75 DS.  
4.2.3. Procedure 
 
Accommodative response determined with Grand Seiko WAM 5500 
The procedure for determining the accommodative response was replicated from 
Chapter 3, section 3.2.3. The stimulus used for this study was the ETDRS letter chart 
which was placed 2.5 metres behind the participant and 5 metres away from the mirror.  
 
Visante AS-OCT 
Ciliary muscle images were acquired with the Visante AS-OCT (Carl Zeiss, Meditec) 
from the right eye only with the left eye occluded. All images were obtained from the 
temporal ciliary muscle due to its greater contractility during accommodation (Sheppard 
and Davies, 2010a).  
 
To obtain images from the right eye, the participant placed their chin on the left side of 
the chin rest and forehead against the forehead rest, whilst the contralateral eye was 
occluded with a patch. Firstly, the participant viewed the internal fixation star of the 
instrument, whilst the chin rest and forehead rest were adjusted by the examiner who 
was guided by the real-time video AS-OCT video screen, until a high resolution corneal 
profile was visible (shown in Figure 4-1). An image of the cornea with a bright central 
reflex through the optic axis was captured. The bright reflex represents the vertex of 
the cornea, where the spatial distortion is equal to zero and signifies the optic axis of 
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the instrument. All images were captured in high-corneal mode which provided an axial 
resolution of 8 µm, a scanning depth of 3 mm and scanning area of 10 mm.   
  
Figure 4-1. The image shows the cornea of the right eye imaged in high resolution 
corneal mode prior to imaging the ciliary muscle.  
 
 
To image the full length of the temporal ciliary muscle, the participant viewed a 5 x 5 
grid of high contrast (90%) letters of 0.8 logMAR (Figure 4-2) within a bespoke Badal 
lens system consisting of a +10 D lens. Letters were chosen to ensure consistency of 
the targets throughout the study. The rig was placed external to the AS-OCT (on the 
left side of the instrument) at a 40˚ angle which represents the minimum horizontal eye 
movement required to ensure the participant can view the letter target without 
obstruction from the instrument itself. The external gaze is necessary in order for the 
instrument to scan through the sclera, which reduces the optical distortions of the light 
beam since it penetrates through a flatter plane in comparison to the cornea (Laughton 
et al., 2015). A further advantage for imaging through the sclera is light waves do not 
have to pass through iris pigmentation, which obstructs the penetration of light, thus 
preventing the visualisation of the ciliary muscle. The participants were instructed to 
focus on a single letter at all times and to ensure it remained clear. Participants were 
instructed to keep their gaze as still as possible, whilst a real-time image of the ciliary 
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muscle was viewed on the screen of the AS-OCT. Considering the participant was 
aligned in primary position, minimal vertical movements were required to ensure the 
ciliary muscle was visible on adduction. In order to image the temporal ciliary muscle, 
the scanning plane was adjusted to 0˚ for horizontal ciliary muscle measurements and 
three images were acquired. The Badal lens system allowed data acquisition for 
relaxed accommodation and for the maximum accommodative response. 
 
 
 
Figure 4-2. The 5 x 5 letter grid used as a target for the study. 
 
 
LenStar LS900 
Axial length, corneal thickness, anterior chamber depth and crystalline lens thickness 
were acquired with the LenStar LS900 biometer (Figure 4-3) from the right eye only 
with the left eye occluded. A Badal lens system was used consisting of a +10 D 
achromatic doublet lens and a 5 x 5 letter grid of the same description used during 
ciliary muscle acquisition. The letter grid was retro-illuminated and viewed through an 
8% reflection pellicle beamsplitter that was placed at a 45° angle, allowing 
simultaneous viewing of the letter target and the light beam from the LenStar. Three 
measurements were obtained and the mean result was calculated for each parameter.  
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Figure 4-3. The LenStar LS900 and rig used for biometry data.  
 
Health examination prior to drug instillation 
The anterior eye was examined with a slit lamp and the anterior chamber angle was 
graded to ensure the participant was not at risk of angle closure. Intraocular pressure 
was determined with the i-care tonometer (Davies et al., 2006). Furthermore, iris colour 
was determined and classified using the classification system defined by Seddon et al 
(1990).  
 
Instillation of anti-muscarinic agent 
After baseline data for refractive error, accommodative response, ocular biometry and 
ciliary muscle were obtained, one drop of 0.5 % proxymetacaine (Minims preparation) 
was instilled into the lower fornix of the right eye followed by 1 drop of 1% tropicamide 
or 1%  cyclopentolate hydrochloride (Minims preparations) which was randomly 
selected. Participants were instructed to close their eyes and occlude the punctum for 
30 seconds to reduce systemic absorption of the agent. 
 
Subsequently, data was acquired every 10 minutes post-instillation of the anti-
muscarinic agent. Ciliary muscle images were obtained during relaxed accommodation 
and for the maximum accommodative amplitude at each time interval. Due to the 
variability in the literature relating to the time course of the anti-muscarinic agents to 
achieve maximum cycloplegia and reports of a delayed onset of mydriasis in 
comparison to cycloplegia, the end point for this study was classified when the 
accommodative response was returning with tropicamide and when three consecutive 
accommodative responses were the same with cyclopentolate. Ocular biometry was 
obtained once the end point for the study was reached.  
 
Pellicle beam splitter 
+ 10 D achromatic 
doublet lens 
Retro-
illuminated 
letters 
LenStar LS900 
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The participants attended for a second visit between 4-8 days after the first visit. 
Proxymetacaine (0.5%) was instilled followed by the anti-muscarinic agent which was 
not administered on the first visit. The same procedure for administration of the agent 
and data acquisition were followed as the first visit.  
 
At the end of each visit, intraocular pressure was determined with the i-care tonometer 
and a leaflet provided to the patients regarding the instillation of the drug and advice 
relating to adverse effects.  
4.2.4. Statistical analysis 
 
A Shapiro-Wilk test (SPSS Statistics 21; SPSS Inc., Illinois, USA) revealed normal 
distribution of the parameters analysed for the study. Therefore, assumptions of 
normality and homogeneity of variance were met. A repeated measures analysis of 
variance (ANOVA) was performed to determine the effect of the anti-muscarinic drug 
on the ciliary muscle parameters and the amplitude of accommodation. A paired t-test 
was conducted to determine the effect of cyclopentolate on ocular biometry. 
Greenhouse Geisser results are reported and post-hoc comparisons were determined 
using Bonferroni correction (Armstrong et al., 2011).  
4.3. Results 
4.3.1. Ciliary muscle results 
 
The ciliary muscle images were analysed as described in Chapter 2. Due to the 
variability in the time course of each agent to have its maximum cycloplegic effect, 
thirty six participants were recruited to account for attrition. The maximum effect of 
tropicamide was more variable than cyclopentolate. The end point for tropicamide was 
reached at 30 minutes for two participants and 50 minutes for three participants, 
therefore these data were excluded as the majority of participants had a maximum 
cycloplegic effect at 40 minutes. Due to the failure of the AS-OCT instrument during 
data collection, one participant’s data was lost. Therefore data is presented up to 40 
minutes for tropicamide and 50 minutes for cyclopentolate. The cohort consisted of 
thirty emmetropic participants (MSE -0.04 D (SD 0.40)) and mean age 19.8 (SD 1.5) 
years. Twenty six participants had a dark brown iris (grade 5) and four participants had 
a green or light brown iris (grade 4). Due to the unequal distribution of iris colour within 
the cohort, the effect of iris colour and cycloplegia was not analysed.  
The amplitude of accommodation at baseline varied between the participants; twenty 
six participants were able to accommodate up to the 6 D demand level, whereas four 
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participants were able to accommodate up to the 7 D demand level. Therefore, during 
ciliary muscle acquisition, each individual’s maximum amplitude of accommodation was 
stimulated, in order to determine the maximum mobility and contractility of the ciliary 
muscle. The results were pooled in order to determine the mean for the cohort. 
Baseline data for the ciliary muscle at relaxed accommodation and during maximum 
accommodation was obtained at the first visit, and the mean results are shown in Table 
4-1 and Figure 4-4, 4-5, 4-6 and 4-7. The physiological changes to the ciliary muscle 
during accommodation indicated a thickening at CMT1 (mean 6.1 µm (SE 7.0)), CM25 
(mean 22.2 µm (SE 9.7)), CM50 (mean 12.5 µm (SE 11.5)), CM75 (8.0 µm (SE 8.0)) 
and CMMax (mean 8.9 µm (SE 5.2)). Furthermore, there was a shortening of the ciliary 
muscle length (CMLengthArc, mean reduction 520.3 µm (SE 140.5)) and there was a 
reduction in the distance between the scleral spur and the inner apex (SS-IA, mean 
14.0 µm (SE 13.7)), indicating a centripetal movement of the muscle. Moreover, there 
was a reduction to the anterior length (SS-CM, mean reduction 25.2 µm (SE 14.9)). 
Paired t-tests were conducted and revealed a significant effect of accommodation on 
the ciliary muscle thickness at CMT2 (F3.035, p= 0.005), CMT3 (F5.202, p= 0.000), CM25 
(F-2.274, p= 0.031) and a contractile shortening of the ciliary muscle length arc (F3.703, p= 
0.001).  
 
 
 
Ciliary muscle parameter 
Average measurement 
(µm) during relaxed 
accommodation (0 D 
stimulus) 
Average measurement 
(µm) during maximum 
accommodation 
CMT1 618.5 (SE 5.1) 624.6 (SE 6.4) 
CMT2 418.6 (SE 6.7) 399.3 (SE 8.1) 
CMT3 256.2 (SE 8.0) 224.3 (SE 9.1) 
CM25 523.0 (SE 8.2) 545.2 (SE11.6) 
CM50 273.9 (SE 10.1) 285.4 (SE 13.5) 
CM75 111.4 (SE 6.3) 119.5 (SE 8.9) 
CMMAX 601.4 (SE 4.1) 610.3 (SE 5.5) 
SS-IA 1178.6 (SE 11.5) 1164.6 (SE 12.5) 
SS-CM 1036.0 (SE 13.3) 1010.8 (SE 13.7) 
CMLength Arc 5884.6 (SE 149.6) 5364.3 (SE 155.2) 
Table 4-1. The mean (± 1 SEM) measurements for the ciliary muscle parameters during 
relaxed accommodation and at the amplitude of accommodation. 
 
 
Table 4-2. The mean (± 1 SEM) measurements for the ciliary muscle parameters during 
relaxed accommodation and at the amplitude of accommodation. 
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Figure 4.4. A box and Whisker plot showing the CMT1, CMT2 and CMT3 ciliary 
muscle parameter measurements during relaxed and maximum accommodation.  
 
Figure 4.4. A box and Whisker plot showing the ciliary muscle parameter 
measurements during relaxed accommodation and maximum accommodation.  
Figure 4.5. A box and Whisker plot showing CM25, CM50 and CM75 ciliary muscle 
parameter measurements during relaxed and maximum accommodation.  
 
Figure 4.5. A box and Whisker plot showing the ciliary muscle parameter 
measurements during relaxed and maximum accommodation.  
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Figure 4.6. A box and Whisker plot showing CMMax, SS-IA and SS-CM ciliary muscle 
parameter measurements during relaxed and maximum accommodation.  
Figure 4.7. A box and Whisker plot showing CMLengthArc measurements during 
relaxed and maximum accommodation.  
 
Figure 4.7. A box and Whisker plot showing CMLengthArc measurements during 
relaxed and maximum accommodation.  
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The effect of tropicamide on the ciliary muscle morphology during relaxed 
accommodation (0 D demand level), is shown in Appendix 1 Table A1-1. Within 20 
minutes post-instillation, there was an increase in thickness throughout the muscle. 
The distance between the scleral spur and inner apex increased (SS-IA, F0.804, p= 
0.503) and the anterior length increased (SS-CM, F0.511, p= 0.703) and CMLengthArc 
reduced (F1.328, p= 0.268), suggesting the ciliary muscle mass moved anteriorly during 
the initial 20 minutes of agent instillation.  Between 20 and 30 minutes post-instillation, 
there was a reduction in thickness at CM25, CM50 and CM75. There was a significant 
effect of tropicamide on the thickness at CM25 only (F2.806, p= 0.038), although post-
hoc comparisons did not reveal any significant mean differences between time 
intervals. After 20 minutes post-instillation, CMT1 increased in thickness whereas 
CMT2 and CMT3 remained invariant. Furthermore, there was an increase in ciliary 
muscle length arc, CMMax and minimally for SS-IA, suggesting the anterior movement 
of the ciliary muscle mass was occurring but at a lesser extent.  
 
The effect of cyclopentolate on the measurements of the ciliary muscle parameters 
during relaxed accommodation (0 D demand level), are shown in the Appendix 1 Table 
A1-2. Within 20 minutes post-instillation of cyclopentolate, there was a thinning at 
CMT3, a thickening at CM25, CM50 and CM75 and the ciliary muscle length shortened 
suggesting an anterior movement of ciliary muscle mass. The distance between the 
scleral spur and inner apex, as well as the anterior length, reduced up to 10 minutes, 
and then subsequently increased. Cyclopentolate produced a significant thickening at 
CM25 (F2.836, p= 0.032) specifically between 0 and 40 minutes (mean difference 20.0 
µm, p= 0.038), an insignificant thickening at CM50 (F2.358, p= 0.062) and a significant 
thickening at CM75 (F1.605, p= 0.040), specifically between 0 and 20 minutes (mean 
difference 23.0 µm, p= 0.040). There was a significant effect of cyclopenolate on the 
ciliary muscle length arc (F2.865, p= 0.026), although post-hoc comparisons revealed the 
effect was not significant between specific time intervals. There was an insignificant 
effect of cyclopentolate at CMMax (F1.605, p= 0.179), distance between the scleral spur 
and inner apex (SS-IA; F1.446, p= 0.223) and SS-CM (F1.103, p= 0.359). 
 
To determine the effect of the anti-muscarinic agents on the contractility of the ciliary 
muscle, and therefore their effect on the accommodative ability, the changes to the 
ciliary muscle at baseline and at regular intervals post-instillation of tropicamide and 
cyclopentolate were calculated. The results are shown in Appendix 1: Table A1-3 and 
A1-4, respectively. 
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The change to the thickness over time for CMT1 is shown in Figure 4-8 A, and the 
differences and similarities between both anti-muscarinic agents is evident from the 
graph. Tropicamide reduced the accommodative ability within the region up to 20 
minutes, represented by the thinning within the region up to 20 minutes. Between 20 
minutes and 40 minutes there was an increase to the thickness, indicating contraction 
of the muscle fibres during accommodation was possible within the region. There was 
a significant effect of tropicamide on the ciliary muscle thickness (F5.72, p= 0.024) but 
an invariant interaction between ciliary muscle thickness and time (F1.90, p= 0.13) at 
CMT1.  
 
Cyclopentolate also altered the accommodative ability of the ciliary muscle fibres within 
CMT1 over time. For example, it is evident from Figure 4-8 A that the contraction of the 
ciliary muscle was still possible 10 minutes post-instillation of cyclopentolate, as 
indicated by the thickening within the region. However, between 10 and 20 minutes 
post-instillation, there was a reduction to the thickness with a mean difference 
indicating a minimal contraction of the muscle fibres (mean difference -18.5 µm (SE 
10.8)). This was followed by a slight increase in thickness of the ciliary muscle region 
between 20 and 30 minutes (mean difference 4.1 µm (SE 8.1)), followed by a further 
reduction in contractility between 30 and 40 minutes (mean difference -10.4 µm (SE 
10.0)). There was a consequent increase in the ciliary muscle thickness between 40 
and 50 minutes mean difference (9.1 µm (SE 9.60)). There was an insignificant effect 
of cyclopentolate on ciliary muscle thickness (F0.09, p= 0.77), time (F0.68, p= 0.61) and 
interaction between ciliary muscle thickness and time (F1.66, p= 0.16) at CMT1.  
 
The thickness of the ciliary muscle at 2 mm posterior to the scleral spur (CMT2) is 
shown in Figure 4-8 B. At baseline (0 minutes), prior to the instillation of either agent, 
there was thinning of the region during accommodation. Between baseline (0 minutes) 
and 10 minutes post-instillation, there was an increase to the thickness by 20.2 µm (SE 
7.30) when tropicamide was used, and an increase of 27.2 µm (SE 7.73) when 
cyclopentolate was used, suggesting a reduced contractile ability within the region 
during accommodation. Consequently, there was an indication of the contractile ability 
returning between 10 and 20 minutes for both agents as evident from the thinning 
within the region with accommodative effort. However, the contraction of the ciliary 
muscle during accommodation reduced after 20 minutes for both agents up to 40 
minutes for tropicamide and 50 minutes for cyclopentolate, as shown on the graph. 
Cyclopentolate produced a greater effect on the ciliary muscle contractility at CMT2 
compared to tropicamide, as seen on the graph.  
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There was a significant change to the ciliary muscle thickness at CMT2 with 
tropicamide, (F11.19, p= 0.002), time effect of the agent (F5.16, p= 0.002) and interaction 
between ciliary muscle thickness and time (F2.72, p= 0.04). Pairwise comparisons 
revealed the significant interaction occurred between 0 and 30 minutes (mean 
difference 13.0 µm (SD 4.0), p= 0.042) and 0 and 40 minutes (mean difference 17.0 
µm (SE 4.0), p= 0.09). Cyclopentolate did not significantly affect the ciliary muscle 
thickness (F3.86, p=0.06) but had a significant effect on the ciliary muscle thickness over 
time (F3.57, p= 0.009) and a significant interaction between ciliary muscle thickness and 
time (F2.94, p=0.03) with pairwise comparisons indicating near significance between 0 
and 50 minutes (mean difference 14.0 µm (SE 5.0), p= 0.059). 
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Figure 4-8. The difference in thickness between the measurement at the maximum objective amplitude of accommodation and during 
relaxed accommodation for A: CMT1 and B: CMT2 over time for cyclopentolate (mean + 1 SEM) and tropicamide (mean – 1 SEM). 0 
minutes refers to baseline measurements (pre-instillation of the agent). 
 
 
 
 
 
 
A 
 
T
a
bl
e 
4-
3. 
T
h
e 
di
ff
e
r
e
n
c
e 
in 
t
hi
c
k
n
e
s
s 
b
et
w
e
e
n 
B 
 
B 
 
B 
 
B 
114 
 
CMT3 represents the ciliary muscle thickness 3 mm posterior to the scleral spur. From 
Figure 4-9 A, it is evident the ciliary muscle contractility is prevented 10 minutes post-
instillation of tropicamide, as indicated by the increase in thickness of the ciliary muscle 
(mean difference between maximum accommodation and relaxed accommodation 
CMT3: 2.45 µm (SE 4.17) and cyclopentolate (mean difference between maximum 
accommodation and relaxed accommodation CMT3: 2.8 µm (SE 5.3)). The ciliary 
muscle contractility appears to return between 10 and 20 minutes, more so for 
tropicamide than cyclopentolate. Tropicamide produced a significant increase to the 
ciliary muscle thickness (F16.35, p= 0.000), time (F8.33, p= 0.000) and interaction 
between ciliary muscle thickness and time (F6.39, p= 0.000). The effect of time was 
significant between 0 and 10 minutes (mean difference -17.0 µm (SE 4.0), p= 0.005), 0 
and 20 minutes (mean difference 18.0 µm (SE 5.0), p= 0.011), 0 and 30 minutes (mean 
difference 19.0 µm (SE 5.0), p= 0.004) and 0 and 40 minutes (mean difference 19.0 µm 
(SE 5.0), p= 0.006). With cyclopentolate, there was a significant effect of ciliary muscle 
thickness (F6.38, p= 0.017), time (F7.08, p= 0.000) and interaction between ciliary muscle 
thickness and time (F7.00, p= 0.000). Post-hoc tests indicated the only times of 
significance were between 0 and 10 minutes (mean difference -15.0 µm (SE 5.0), p= 
0.04), 0 and 30 minutes (mean difference 20 µm (SE 5.0), p= 0.01), 0 and 40 minutes 
(mean difference 20.0 µm (SE 5.0), p= 0.009) and 0 and 50 minutes (mean difference 
(19.0 µm (SE 4.0), p= 0.003).  
 
The changes which occur to the region representing 25% of the ciliary muscle length 
are shown in Figure 4-9 B. Prior to the instillation of the anti-muscarinic agents, there 
was a thickening within the region during accommodation (mean 22.2 µm (SE 9.8)). 
However, post-instillation of the anti-muscarinic agent there was a reduction in the 
contractile ability within the region, as indicated by the reduced thickness with 
accommodation up to 20 minutes for both agents. There was a consequent increased 
thickening between 20 minutes and 30 minutes (mean increase tropicamide 32.6 µm 
(SE 9.4), cyclopentolate 16.0 µm (SE 8.2)), indicating the contractile ability with 
accommodation was returning. Both anti-muscarinic agents follow a similar pattern but 
the effect of tropicamide is slightly greater than cyclopentolate. There was minimal 
change to the thickness between 30 minutes and 40 minutes for tropicamide (mean 
thickening 0.50 µm (SE 11.8)), indicating a maximum effect of the agent had occurred. 
With cyclopentolate, the thickness reduced further indicating inability for the ciliary 
muscle fibres to contract with accommodation between 30 minutes and 40 minutes 
(mean thickening -2.4 µm (SE 9.3)). Only the interaction between ciliary muscle 
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thickness and time was significant for both anti-muscarinic agents at CM25 
(tropicamide F4.73, p= 0.004; cyclopentolate F3.75, p= 0.007). 
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Figure 4-9. The difference in thickness between the measurement at the maximum objective amplitude of accommodation and during 
relaxed accommodation for A: CMT3 and B: CM25 over time for cyclopentolate (mean + 1 SEM) and tropciamide (mean – 1 SEM). 0 
minutes refers to baseline measurements (pre-instillation of the agent). 
 
 
 
 
 
 
A 
 
A 
 
A 
 
A 
B 
 
T
a
bl
e 
4-
5. 
T
h
e 
di
ff
e
r
e
n
c
e 
in 
t
hi
c
k
n
e
s
s 
b
et
w
e
e
n 
117 
 
Figure 4-10 A and B shows the changes to the ciliary muscle at 50% (CM50) and 75% 
(CM75) of the ciliary muscle length, respectively. Both anti-muscarinic agents produced 
a thinning to the regions within 20 minutes post-instillation of the agents, indicating a 
minimal contractile ability during accommodation within this time. The effect of 
tropicamide on the contractile ability within the regions appeared to reduce after 20 
minutes as there was an increase in thickness at CM50 between 20 and 30 minutes 
(mean increase 22.8 µm (SE 11.0)) and CM75 (mean increase in thickness 11.0 µm 
(SE 7.3)). Also, the thickness at CM50 continued to increase between 20 and 40 
minutes with cyclopentolate (mean increase was 21.9 µm (SE 12.3)) and at CM75 
(mean increase 7.9 µm (SE 6.9)) suggesting the muscle fibres within the region were 
able to contract with accommodative effort. Overall neither anti-muscarininc agent 
produced a significant effect on the ciliary muscle thickness or time effect at both CM50 
and CM75.  
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Figure 4-10. The difference in thickness between measurement at the maximum objective amplitude of accommodation and during 
relaxed accommodation for A: CM50 and B: CM75 over time with cyclopentolate (mean + 1SEM) and tropicamide (mean – 1 SEM). 0 
minutes refers to baseline measurements (pre-instillation of the agent). 
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The anti-muscarinic agents also altered the region representing the ciliary muscle 
maximum thickness (CMMax), as shown in Figure 4-11 A. There was a reduction in 
thickness up to 20 minutes post-instillation of tropicamide (mean reduction 18.3 µm 
(SE 6.1)), indicating the region was unable to respond to an accommodative stimulus, 
however, there was an increase in thickening (mean increase 12.9 µm (SE 8.1)) 
between 20 minutes and 40 minutes post-instillation, indicating the contractile ability of 
the muscle to the accommodative stimulus returned. The pattern is similar to the profile 
show in Figure 4-8 A for CMT1. There was no significant effect of tropicamide on the 
ciliary muscle thickness (F0.03, p= 0.865) but the change to the thickness over time was 
statistically significant (F2.83, p= 0.04). There was no significant interaction between 
ciliary muscle thickness and time.   
 
The effect of cyclopentolate at CMMax was similar in profile to the effect of the agent at 
CMT1 where there were two phases of a reduction in thickness followed by an increase 
in thickness. Between 0 and 10 minutes, the thickness increased by 5.4 µm (SE 6.7) 
followed by a reduction in thickness of 20.2 µm (SE 8.3) between 10 and 20 minutes. 
Subsequently, there was an increase in thickness between 20 and 30 minutes (mean 
increase 9.8 µm (SE 6.5)) and a further thinning within the region between 30 and 40 
minutes (mean reduction 10.1 µm (SE 7.1)) The interaction between ciliary muscle 
thickness and time was significant for this region (F2.61, p= 0.03).  
 
Furthermore, cyclopentolate produced an increase to the distance between the scleral 
spur and inner apex of the ciliary muscle (SS-IA up to 10 minutes post-instillation 
(mean increase 19.5 µm (SE 20.0)), as shown in Figure 4-11 B, indicating centripetal 
movement of the muscle was restricted during accommodation. There was a 
consequent reduction in the inner apex which reached baseline levels at 30 minutes, 
indicating a return of the centripetal movement. The inner apex further reduced 
between 30 and 40 minutes (mean reduction 16.8 µm (SE 18.4)). Neither the distance 
(F2.17, p= 0.15), time (F1.31, p= 0.27) or the interaction between accommodation and 
time (F1.07, p= 0.38) were significant. With tropicamide, there was a reduced distance 
between the inner apex and the scleral spur up to 30 minutes post-instillation indicating 
a centripetal movement of the muscle was possible with accommodation. The 
centripetal movement increased between 30 minutes and 40 minutes. However, the 
distance (F2.44, p= 0.13), accommodation (F1.41, p= 0.25) and the interaction between 
accommodation and time (F1.29, p= 0.28) were invariant.  
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Figure 4-11. The difference between the maximum objective amplitude of accommodation and during relaxed accommodation for A: 
CMMax and B: SS-IA over time with cyclopentolate (mean + 1 SEM) and tropicamide (mean – 1 SEM). 0 minutes refers to baseline 
measurements (pre-instillation of the agent). 
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There was a reduction to the anterior length (SS-CM) between 0 and 10 minutes post-
instillation of tropicamide, which did not differ to the baseline level, indicating 
accommodative ability within the region was possible. Furthermore, the anterior length 
shortened with accommodation between 10 and 30 minutes post-instillation (mean 
reduction 15.5 µm (SE 18.6)), as shown in Figure 4-12 A, suggesting the ciliary muscle 
was still able to contract in the presence of tropicamide. At 40 minutes, the anterior 
length was near baseline level. For cyclopentolate, the anterior length increased 
between baseline and 20 minutes (mean increase 25.9 µm (SE 19.9))  followed by a 
reduction between 20 and 40 minutes (mean reduction 33.9 µm (SE 16.4)). There was 
a significant effect of tropicamide (F22.34, p= 0.00) and cyclopentolate (F5.99, p= 0.02) on 
the anterior length. The anterior length and centripetal movement returned to baseline 
levels at 40 minutes post-instillation of tropicamide.  
  
There was an increase to the ciliary muscle length (CMLength Arc) between 0 and 20 
minutes for both tropicamide (mean increase 698.6 µm (SE 169.7)) and cyclopentolate 
(mean increase 814.3 µm (SE 169.5)), with a greater increase evident for 
cyclopentolate, suggesting the contractile shortening with accommodation was reduced 
in the presence of the anti-muscarinic agents. The ciliary muscle length reduced 
between 20 and 30 minutes in the presence of tropicamide (mean reduction 293.7 µm 
(SE 162.8)), as shown in Figure 4-8 B, indicating the ciliary muscle was able to contract 
during accommodation. However, there was an elongation of the ciliary muscle 
between 30 and 40 minutes (mean increase 185.9 µm (SE 201.1)) which indicates the 
contractile ability of the ciliary muscle was reduced during accommodation. A similar 
profile was evident with cyclopentolate, where the contractile ability of the muscle 
during accommodation was slightly evident between 20 and 40 minutes (mean 
reduction 398.1 µm (SE 144.0)), although an increase in length between 40 and 50 
minutes (mean increase 168.6 µm (SE 111.6)) occurred, indicating the inability of the 
muscle fibres to contract to the accommodative stimulus. There was a significant 
interaction between ciliary muscle length arc and time for tropicamide (F4.58, p= 0.003) 
and cyclopentolate (F6.71, P= 0.00).  
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Figure 4-12. The difference between the measurement at the maximum objective amplitude of accommodation and during relaxed 
accommodation for A: SS-CM and B: CMLengthArc over time with cyclopentolate (mean +1 SEM) and tropicamide (mean – 1 SEM). 0 
minutes refers to baseline measurements (pre-instillation of the agent). 
 
 
B 
 
B 
 
B 
 
B 
A 
 
T
a
bl
e 
4-
9. 
T
h
e 
di
ff
e
r
e
n
c
e 
in 
t
hi
c
k
n
e
s
s 
b
et
w
e
e
123 
 
There were no significant differences between the effect of tropicamide and 
cyclopentolate on the ciliary muscle parameters (p> 0.05).  
4.3.2. Ocular biometry data 
 
In order to investigate the effect of anti-muscarinic agents on the intraocular 
parameters, ocular biometry measurements were obtained prior to the instillation of the 
agent, and at the end of the study when the end point was achieved. However, the 
shorter duration of the cycloplegic effect with tropicamide meant the final measurement 
for biometry was obtained when the accommodative response was returning. In 
contrast, the cycloplegic effect with cyclopentolate was still evident at the end point of 
data collection. Consequently, ocular biometry data are only presented for data 
obtained using cyclopentolate. Moreover, ocular biometry was acquired with the 
LenStar, however, data for all biometric parameters (corneal thickness, lens thickness, 
axial length and anterior chamber depth) could only be obtained from 11 participants 
included in the study. Therefore, biometric data has been presented for these 
participants only (mean age 19.9 (SD 1.9) years, MSE (-0.01 D (SD 0.32)) which are 
shown in Table 4-2. The axial length data acquired during maximum accommodation 
(pre and post-instillation) has been corrected using the equations listed in Chapter 6, 
section 6.2.5.  
To determine the change to the intraocular parameters prior to instillation of 
cyclopentolate and data acquired at the end of the study, where the maximum 
cycloplegic effect was achieved, paired sample t-tests were performed. Prior to the 
instillation of cyclopentolate, there was a significant increase to the lens thickness with 
accommodation (t= -3.67, p= 0.004) and reduction to the anterior chamber depth (t= 
8.96, p= 0.000), whereas the increase in corneal thickness and the reduction in axial 
length was not significant. The ocular biometry measurements obtained at the end of 
the study in the presence of cyclopentolate, indicates some accommodative ability was 
still possible, as there was a reduction in the anterior chamber depth and an increase in 
lens thickness at the maximum accommodative amplitude. However, these changes 
were not significant (lens thickness t= -1.78, p= 0.10, anterior chamber depth t= 2.02, 
p= 0.07). Furthermore, the axial length did not significantly decrease (t= 1.30, p= 0.22) 
and the corneal thickness did not significantly reduce (t=0.18, p= 0.86).  
There was a significant reduction to the anterior chamber depth (t= -6.58, p= 0.000) 
between the relaxed accommodative level at baseline and at the end of the study, but 
an invariant thinning of the lens (t= 1.61, p= 0.14), an insignificant reduction to the 
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corneal thickness (t= 0.26, p= 0.79), and an invariant reduction to the axial length (t= 
0.18, p= 0.86).  
Intraocular 
parameter 
Measurement 
during relaxed 
accommodation 
prior to 
instillation of 
cyclopentolate 
Measurement at 
the maximum 
amplitude of 
accommodation 
prior to 
instillation of 
cyclopentolate  
Measurement 
during relaxed 
accommodation 
at end point 
Measurement at 
the maximum 
amplitude of 
accommodation 
at end point 
Corneal 
thickness 
(µm) 
542.94  
(SE 11.55) 
544.79  
(SE 11.35) 
542.61  
(SE 11.39) 
541.09  
(SE 11.41) 
Anterior 
Chamber 
Depth (mm) 
2.92 (SE 0.05) 2.69 (SE 0.07) 3.06 (SE 0.05) 3.05 (SE 0.05) 
Lens 
thickness 
(mm) 
3.57 (SE 0.09) 3.88 (SE 0.11) 3.48 (SE 0.10) 3.51 (SE 0.09) 
Axial 
Length 
(mm) 
23.42 (SE 0.25) 
23.39  
(SE 0.23)* 
23.36 (SE 0.24) 
23.36  
(SE 0.21) * 
Table 4-2. The mean (± 1 SEM) changes to the intraocular parameters during relaxed 
accommodation and at the maximum accommodative amplitude pre-instillation of 
cyclopentolate and at the end point of the study. The asterisk data represents the 
corrected axial lengths.    
 
4.3.3. Amplitude of accommodation 
 
Prior to the instillation of the anti-muscarinic agent, the objective accommodation was 
measured for all participants to determine their amplitude of accommodation. All 
participants (n= 30) were able to accommodate to a 6 D stimulus (average 
accommodative response 4.86 D (SD 0.56)), and 26 participants were able to 
accommodate to a 7 D stimulus (average accommodative response -5.43 D (SD 0.75)).  
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The maximum residual accommodation was required at each time interval post-
instillation of the anti-muscarinic agent, in order to stimulate the maximum 
accommodation when ciliary muscle images were acquired. Therefore, the amplitude of 
accommodation at each time interval was recorded. Nevertheless, it was of interest to 
determine whether differences in the residual accommodation were evident between 
both anti-muscarinic agents. Therefore, data was obtained from a sub-set of 
participants whose accommodative response was obtained per dioptre of 
accommodative demand, between 0 and 7 D at regular time intervals, for both visits. 
The sub-group consisted of 21 participants (mean age 19.7 (SD 1.8) years, MSE -0.09 
D (SD 0.42)) and data is presented in Table 4-3 and Figure 4-13 for tropicamide and 
Table 4-5 and Figure 4-14 for cyclopentolate. However, for Figure 4-14, the data has 
only been shown up to 40 minutes for easier inspection of the graph as similar 
responses were obtained at 40 minutes and 50 minutes post-instillation.  
 
Prior to the instillation of either anti-muscarinic agent, there was an increase in the 
accommodative response for each dioptre of accommodative demand which was 
significant between all demand levels (p=0.000), except between 7 D and 8 D 
demands. Between 7 and 8 D the accommodative response began to plateau (mean 
difference -0.21 D, p=1.00) indicating the maximum accommodative amplitude was 
achieved at the 7 D accommodative demand level.  
 
The instillation of tropicamide reduced the accommodative response, however, 
inspection of Figure 4-13 indicates approximately 25% of the residual accommodation 
was present for each dioptre of accommodative demand up to 4 D demand level at 40 
minutes. Tropicamide produced a significant effect on accommodation (F69.29, p= 0.00), 
and the accommodative response over time (F70.97, p= 0.00) as well as a significant 
interaction between time and accommodation (F64.37, p= 0.00). Post-hoc comparisons 
revealed the significant effect of tropicamide upon the accommodative response only 
occurred between baseline (0 minutes) and 10 minutes post instillation (mean 
difference 1.56 D, p= 0.00), indicating no significant reduction to the accommodative 
response between all other time points.  
 
There was a reduction in the accommodative response after the instillation of 
cyclopentolate which produced a significant reduction to the accommodative response 
(F39.17, p= 0.00). The accommodative response with cyclopentolate was significantly 
dependant on time (F209.06, p= 0.000) and there was an interaction between time and 
accommodation (F170.67, p= 0.000). Post-hoc comparisons revealed statistically 
significant differences in accommodative responses at all time levels except between 
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20 and 30 minutes (mean difference 0.154 D, p= 0.55), 20 and 40 minutes (mean 
difference 0.16 D, p= 0.36), and 40 and 50 minutes (mean difference= 0.03 D, p= 
1.00), suggesting the maximum reduction in the objective amplitude occurred at 20 
minutes. There was a significant difference in residual accommodation at all 
accommodative demand levels between tropicamide and cyclopentolate (F25.92, p= 
0.00).  
n1 
Table 4-3. The mean (± 1 SEM) accommodative response (D) to the accommodative 
stimulus (D) over time for tropicamide.   
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Figure 4-13. The accommodative response per dioptre of accommodative demand for 
21 participants over time with tropicamide. The error bars represent 2 SEM. 0 minutes 
refers to the baseline measurement.  
 
Accommodative 
Stimulus (D) 
Time (min) 
Baseline 10 20 30 40 
0 
-0.07  
(SE 0.08) 
-0.04  
(SE 0.12) 
-0.07  
(SE 0.15) 
-0.11  
(SE 0.13) 
-0.13  
(SE 0.14) 
1 
0.53  
(SE 0.06) 
0.40  
(SE 0.07) 
0.37  
(SE 0.07) 
0.35  
(SE 0.08) 
0.39  
(SE 0.12) 
2 
1.27  
(SE 0.10) 
0.86  
(SE 0.10) 
0.74  
(SE 0.10) 
0.74 
(SE 0.10) 
0.77  
(SE 0.13) 
3 
2.15 
(SE 0.10) 
1.39  
(SE 0.16) 
1.30  
(SE 0.14) 
1.26  
(SE 0.15) 
1.32  
(SE 0.15) 
4 
3.16  
(SE 0.09) 
1.64 
(SE 0.20) 
1.29  
(SE 0.19) 
1.45  
(SE 0.19) 
1.58  
(SE 0.17) 
5 
4.02 
(SE 0.10) 
1.70  
(SE 0.26) 
1.20  
(SE 0.22) 
1.38  
(SE 0.22) 
1.43  
(SE 0.23) 
6 
4.83  
(SE 0.11) 
1.50  
(SE 0.25) 
1.10  
(SE 0.23) 
1.18  
(SE 0.27) 
1.09  
(SE 0.20) 
7 
5.64 
(SE 0.11) 
1.48  
(SE 0.23) 
0.98  
(SE 0.16) 
1.07  
(SE 0.22) 
1.14  
(SE 0.23) 
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Table 4-4. The mean (± 1 SEM) accommodative response (D) to the accommodative 
stimulus (D) over time for cyclopentolate.   
Accommodative demand (D)
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Figure 4-14. The accommodative response per dioptre of accommodative demand for 
21 participants over time with cyclopentolate. The error bars represent 2 SEM. 0 
minutes refers to the baseline measurement. 
 
4.4. Discussion  
 
Contraction of the ciliary muscle initiates changes to the intraocular components, 
resulting in the increased dioptric power of the eye. Indeed, significant research has 
contributed to our understanding of the muscle fibres predominantly involved in 
accommodation, however, a limitation of previous investigations is the determination of 
the ciliary muscle morphology in-vitro (e.g Pardue and Sivak, 2000). The results from 
Accommodative 
Stimulus (D) 
Time (min) 
Baseline 10 20 30 40 50 
0 
-0.07  
(SE 0.08) 
0.17  
(SE 0.13) 
0.26  
(SE 0.12) 
0.36  
(SE 0.13) 
0.43  
(SE 0.12) 
0.46  
(SE 0.14) 
1 
0.53  
(SE 0.06) 
0.26  
(SE 0.08) 
0.09  
(SE 0.07) 
0.03  
(SE 0.10) 
0.03  
(SE 0.07) 
0.09  
(SE 0.08) 
2 
1.27  
(SE 0.10) 
0.50  
(SE 0.07) 
0.31  
(SE 0.08) 
0.23  
(SE 0.11) 
0.28  
(SE 0.09) 
0.21  
(SE 0.09) 
3 
2.15  
(SE 0.10) 
0.86  
(SE 0.11) 
0.45  
(SE 0.13) 
0.28  
(SE 0.13) 
0.23  
(SE 0.11) 
0.22  
(SE 0.10) 
4 
3.16  
(SE 0.09) 
0.99  
(SE 0.18) 
0.40  
(SE 0.12) 
0.21  
(SE 0.13) 
0.17  
(SE 0.10) 
0.11  
(SE 0.10) 
5 
4.02  
(SE 0.10) 
0.92  
(SE 0.21) 
0.45  
(SE 0.15) 
0.17  
(SE 0.11) 
0.14  
(SE 0.10) 
0.08  
(SE 0.09) 
6 
4.83  
(SE 0.11) 
0.94  
(SE 0.22) 
0.40  
(SE 0.15) 
0.09  
(SE 0.10) 
0.10  
(SE 0.10) 
0.06  
(SE 0.07) 
7 
5.64  
(SE 0.11) 
0.84  
(SE 0.20) 
0.43  
(SE 0.13) 
0.18  
(SE 0.10) 
0.10  
(SE 0.09) 
0.10  
(SE 0.09) 
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this present study provide the first in-vivo data to explore the ciliary muscle fibre groups 
which have a possible role in accommodation. 
 
The results from the present study indicate both anti-muscarinic agents produce an 
anterior shift of the ciliary muscle mass within 20 minutes post-instillation. Also, both 
agents alter the contractility and mobility of the ciliary muscle during accommodation, 
resulting in the reduction of the accommodative response. Generally, the greatest 
reduction to the contractility and mobility of the ciliary muscle also occurred within 20 
minutes after the agent was instilled. Although the profile for the changes to the ciliary 
muscle were similar with both anti-muscarinic agents, especially at the proportional 
measurements of CM25, CM50 and CM75, there were notable differences at the 
anterior length and the region representing the scleral spur to the inner apex. The most 
important difference was the ability for cyclopentolate to reduce the centripetal 
movement, specifically up to 20 minutes, whereas the movement was still possible 
when tropicamide was used. This probably explains why the residual accommodation 
was much greater for tropicamide in comparison to cyclopentolate.  
 
Moreover, the greatest reduction in accommodative amplitude occurred within 20 
minutes after the instillation of cyclopentolate and within this time the thickness 
measurements at CM25, CM50 and CM75 were also reducing. Moreover, the ciliary 
muscle length was increasing indicating the accommodative ability was restricted. A 
similar profile was also noted after the instillation of tropicamide. Indeed, in-vitro studies 
have shown that the anterior ciliary muscle consists of circular fibres and there is a 
gradual change in muscle orientation between the anterior and posterior muscle from 
radial to longitudinal fibres (e.g. Pardue and Siavk, 2000). Therefore, the significant 
findings from the current study suggest that all fibre groups are involved in 
accommodation, and that circular fibres alone are not solely responsible for eliciting an 
accommodative response.  
 
After 30 minutes post-instillation of cyclopentolate, contraction of the ciliary muscle was 
evident during accommodation as the ciliary muscle length shortened and the 
thickness at CM25, CM50 and CM75 increased in response to the accommodative 
stimulus. Although the contraction of the ciliary muscle was possible, it did not reach 
baseline levels throughout the duration of the study, which probably explains the 
continued reduction in the accommodative response, since the ciliary muscle 
contraction was unable to alter the lens thickness significantly. Further support for the 
inability of the ciliary muscle to increase the lenticular power when the contractile ability 
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of the muscle was returning, is evident by thinning of the lens which was documented 
at the end of the study. A possible explanation for the lenticular thinning evident in the 
presence of the anti-muscarinic agents could be an indirect consequence of the 
increased lengthening of the ciliary muscle, which may stretch the zonular fibres and 
therefore stretch the lens. Moreover, the lens capsule contains muscarinic receptors 
(Gupta et al., 1994; Collison et al., 2000; Collison and Duncan, 2001), therefore, the 
anti-muscarinic agents may have had a direct effect on the lens, thus producing the 
elongation and consequent thinning.     
 
Muscarinic receptors are located throughout the ciliary muscle. M2 and M3 receptors are 
prominent within the circular region whereas M5 receptors are predominant within the 
longitudinal region. Although both anti-muscarinic agents reduces the ability of the 
ciliary muscle to alter its thickness during accommodation at all locations analysed, the 
data suggests tropicamide had a greater effect on the ciliary muscle contractility within 
the anterior portion, notably, CMT1 and CM25, whereas cyclopentolate produced a 
greater effect at the posterior locations, CMT3 and CM75. Similar effects between both 
agents were noted within the central region, CM50. Therefore, tropicamide seems to 
have a greater affinity for the M2 and M3 muscarinic receptors. Indeed, a greater affinity 
of M3 receptors by tropicamide have been reported within the iris sphincter (German et 
al., 1999). Furthermore, cyclopentolate appears to alter the morphology of the 
complete muscle, but more so at the longitudinal fibres which predominantly contain M5 
muscarinic receptors. Considering cyclopentolate affected the posterior regions of the 
muscle more than tropicamide, could explain why the ciliary muscle length did not 
reduce when accommodation was stimulated, in comparison to tropicamide, therefore 
suggesting the longitudinal regions of the ciliary muscle were unable to contract and 
are consequently likely to be involved in accommodation. Overall, the findings from the 
current study further support evidence of the importance of a contractile shortening and 
anterior thickening required for accommodation (Sheppard and Davies, 2010a).   
 
The anti-muscarinic agents significantly reduced the accommodative response, which 
suggests the muscarinic receptors are mainly responsible for ciliary muscle contraction 
during accommodation, therefore supporting in-vitro findings reported by Suzuki 
(1983). During the time course of the study, neither anti-muscarinic agent paralysed the 
ciliary muscle completely, as a residual accommodation was evident. Such responses 
may be due to the intrinsic innervation of the muscle, which consists of nitric oxide 
synthase positive nerve cells (Tamm et al., 1995). However, the minimal residual 
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accommodation evident with cycloplegia suggests the intrinsic innervation is unlikely to 
have a significant role for producing an accommodative response. 
 
An increase in the axial length during accommodation has been reported (Shum et al., 
1993; Read et al., 2010a), and considering a reduction in axial length was noted from 
this study, it suggests accommodation was not possible post-instillation of 
cyclopentolate. A possible cause for the reduction in axial length is the increase in 
choroidal thickness which has been reported with the use of anti-muscarinic agents 
(Sander et al., 2014).   
 
Previous studies investigating the depth of cycloplegia with anti-muscarinic agents, 
have reported the depth of cycloplegia using subjective methods, often with 
participants viewing a near target (Priestley and Medine, 1951; Gettes and Leopold, 
1953; Gettes and Belmont, 1961; Lovasik, 1986). However, near targets provide depth 
and blur cues and stimulate proximal accommodation, therefore over-estimating the 
amplitude of accommodation. Less residual accommodation has been demonstrated 
when a distance target (0.30 ± 0.25 D) is used in comparison to a near target (0.75 ± 
0.53 D; Rosenfield and Linfield, 1986). Consequently, the combination of subjective 
techniques and near targets which have been used in early studies investigating the 
cycloplegic effects of tropicamide and cyclopentolate (e.g. Gettes and Leopold, 1953; 
Gettes, 1954; Gettes and Belmont, 1961, Amos, 1978) may have over-estimated the 
depth and duration for maximum cycloplegia. There is a general consensus within the 
literature that the duration taken for maximum cycloplegia with tropicamide is 30 
minutes and 60 minutes for cyclopentolate (Merrill et al., 1960; Milder, 1961; Pollack et 
al., 1981). The findings from the present study indicate the residual accommodation 
was greater after using tropicamide and accommodative responses were still possible 
at low demand levels (less than 4 D) when tropicamide was used as a cycloplegic 
agent, although the magnitude of the responses were approximately half of that 
achieved under physiological conditions. Therefore, unlike previous studies which 
suggest tropicamide is an adequate cycloplegic agent (Egashira et al., 1993), the 
findings from this study indicate the depth of cycloplegia is greatest with cyclopentolate 
and should be the agent used for cycloplegic refractions, at least for young adults. 
Moreover, the data obtained with the objective method and a distant target in the 
current study, indicates the maximum cycloplegia occurred at 20 minutes post-
instillation of cyclopentolate and 10 minutes post-instillation for tropicamide indicating 
the onset of cycloplegia is longer with cyclopentolate, at least for eyes with dark brown 
irides, which is in agreement with Manny et al (1993). Since the majority of participants 
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recruited for this study had dark irides, proxymetacaine 0.5% was used prior to the 
instillation of tropicamide or cyclopentolate to increase corneal permeability (Green and 
Tonjum, 1971), allowing for a greater penetration of the agent at the ciliary muscle. 
Consequently, the duration of cycloplegia may differ if a topical anaesthetic was not 
used, especially as evidence from young Chinese participants suggests a rapid onset 
of the cycloplegic effect in comparison to controls (Siu et al., 1999).  
 
Although topical anaesthetics do not significantly alter the magnitude or rate of onset 
for mydriasis (Haddad et al., 2007), the effect of the topical anaesthetic on the ciliary 
muscle morphology is unknown. Therefore, the results found from this study relating to 
the duration and depth of cycloplegia as well as the morphology of the ciliary muscle 
may have been influenced by the use of a topical anaesthetic. Considering the effect of 
prior instillation of a topical anaesthetic to anti-muscarinic agent has not been 
investigated in relation to ciliary muscle morphology, it would be of interest to 
determine whether a significant effect occurs.  
 
Indeed, the study was limited by the inability to obtain refraction measurements and 
ocular biometry measurements simultaneously to ciliary muscle acquisition, which 
would have provided more information relating to the lenticular and ciliary muscle 
changes in order to determine whether the lens thinning occurred at a specific time 
level and the coinciding ciliary muscle parameters during that time. Furthermore, the 
shorter cycloplegic effect with tropicamide affected the ability to obtain ocular biometry 
measurements, therefore a comparison of the intraocular parameters with both anti-
muscarininc agents could not be achieved. Only young adults with emmetropic 
refractive errors were recruited for this study, therefore differences in ciliary muscle 
morphology and ocular biometry may exist between patients with ametropia. Cyloplegia 
is possible in myopic children (Manny et al., 1993; Lin et al., 1998; Owens et al., 1998) 
and biometry measurements during cycloplegia have been obtained (Mutti et al., 1994). 
Myopic children are known to have thinner lenses (Zadnik et al., 1995; Mutti et al., 
1998), and a recent report suggests the use of tropicamide results in a thinner and 
more posterior placed lens in myopic children compared to emmetropes, as well as 
smaller changes in the anterior segment (Yuan et al., 2015). Therefore, it would be of 
interest to determine if the same effects occur in myopic adult eyes. Furthermore, there 
are reports that anti-muscarinic agents such as atropine and pirenzepine slow down 
the progression of myopia (Tan et al., 2005; Lee et al., 2006., Fan et al., 2007); 
therefore, the effect of these agents on ciliary muscle morphology is of interest to 
determine whether there are significant differences in the ciliary muscle characteristics 
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between emmetropic and myopic eyes which could provide insight into myopia 
progression. Moreover, pirenzepine and atropine have greater anti-muscarinic effects, 
therefore, may have provided more information regarding the regions of the ciliary 
muscle which are involved with accommodation.  
 
Overall, the results from this study indicate anti-muscarinic agents alter ciliary muscle 
morphology and reduce its contractility, therefore, reducing the accommodative ability 
of the muscle. Both anti-muscarinic agents showed similar profiles to the reduction in 
thickness of the muscle in the presence of an accommodative stimulus. However, the 
greatest reduction in accommodative amplitude occurred with cyclopentolate, which 
was most likely due to the reduction in centripetal movement and anterior thickening. In 
contrast, a centripetal movement was still evident with tropicamide. Therefore the 
results confirm circular fibres within the anterior region of the ciliary muscle are 
essential for accommodation, in order to produce the centripetal movement and 
anterior thickening during accommodation. Yet, even though the centripetal movement 
is necessary for accommodation, as shown from this study, the reduction in centripetal 
movement cannot explain the full reduction in amplitude, since the centripetal 
movement was possible in eyes treated with tropicamide, although the amplitude 
decreased. Rather, the lack of contractile ability of the muscle fibre groups within CM50 
and CM75, as well as the contractile shortening, indicates the contraction of the radial 
and longitudinal fibres are essential to produce the forward movement of the muscle 
during accommodation.  
 
4.5. Summary 
 
 The main aim of the investigation was to determine the morphological changes 
which occur to the ciliary muscle in-vivo with tropicamide and cyclopentolate in 
order to identify which regions of the ciliary muscle are involved with 
accommodation 
 Pre-presbyopic emmetropic participants were recruited and attended two visits. 
The agent instilled at the first visit was randomly chosen and the remaining 
agent was instilled at the second visit.  
 The main findings were: 
o 20 minutes after instillation of the anti-muscarinic agent, when 
accommodation was relaxed, there was an anterior movement of ciliary 
muscle mass  
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o When accommodation was stimulated, the greatest reduction in the 
contractility and mobility of the ciliary muscle occurred within 20 minutes 
post-instillation of either agent 
o When accommodation was stimulated, both agents reduced the 
thickness at CM25, CM50 and CM75 within 20 minutes of instillation 
o A centripetal movement was still evident after tropicamide instillation. In 
contrast, the movement was restricted with cyclopentolate 
 Overall, the findings suggest circular fibres have a role in producing an anterior 
shift of ciliary muscle mass during accommodation whereas radial and 
longitudinal fibres possibly have a significant role in the contractile shortening. 
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Chapter 5. Is pilocarpine a super-stimulus for ciliary muscle 
contraction? 
 
5.1. Introduction 
 
Pilocarpine is a parasympathomimetic agent that is effective at the muscarinic 
receptors of autonomic effector cells (Hopkins and Pearson, 2007), thus, producing 
pupil miosis and contraction of the ciliary muscle within the eye.  
 
Pilocarpine is used as a treatment option for glaucoma (Hopkins and Pearson, 2007), 
and also within ophthalmological research, where it is frequently administered to induce 
accommodation in pseudophakic participants to determine the efficacy of 
accommodating intraocular lenses (Langenbucher et al., 2003; Findl et al., 2003; Findl 
et al., 2004; Koeppl et al., 2005b; Kriechbaum et al., 2005). The studies assume 
pilocarpine is a super-stimulus for accommodation (Koeppl et al., 2005a), however, 
ciliary muscle contraction induced from pilocarpine has not been studied directly and 
rather indirect measurements of pharmacologically stimulated accommodation have 
been determined from anterior chamber depth measures, which reveal a small but 
significant movement of accommodating intraocular lenses (Koeppl et al., 2005b; 
Kriechbaum et al., 2005), although the increase to amplitude of accommodation is 
minimal (less than 0.50 D; Findl et al., 2003). Although a weak correlation has been 
demonstrated between pharmacological and near-stimulated accommodation for 
intraocular lens movement, the ability of pilocarpine to produce a significant intraocular 
lens movement suggests the agent may contract the ciliary muscle fibres to a greater 
extent than possible under physiological conditions, and therefore, produce an anterior 
shift of the ciliary body toward the scleral spur (Kriechbaum et al., 2005). 
 
The effect of near stimulated and pilocarpine stimulated accommodation on anterior 
chamber depth, lens thickness and distance of the anterior and posterior lens surface, 
has been investigated in phakic individuals (Koeppl et al., 2005a). Data from 10 
emmetropic pre-presbyopes (mean age 24 years) revealed no difference between the 
two accommodation stimulus methods for the reduction to the anterior chamber depth, 
increase to lens thickness or forward movement of the posterior lens surface. In 
contrast, results from 11 emmetropic presbyopes (mean age 58 years) demonstrated 
accommodative ability during near-stimulated accommodation as evident from the 
reduction in the anterior chamber depth (27 ± 29 µm) and a thickening of the lens (10 ± 
15 µm). However, pilocarpine produced a significant movement of the anterior lens 
surface as well as a significant increase to the lens thickness (mean thickening 50 ± 46 
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µm). The change in biometric measurements were significantly different between 
pharmacological and physiological manipulation of the accommodative system, 
suggesting pilocarpine provides a greater accommodative effect in presbyopic 
individuals. A greater objective amplitude of accommodation with pilocarpine has been 
reported within presbyopic participants in comparison to pre-presbyopes, nevertheless, 
the magnitude between blur-stimulated and pilocarpine stimulated amplitude for an age 
range 46-50 years is approximately 0.50 D (Ostrin and Glasser, 2004), indicating 
pilocarpine does not induce a substantial increase in accommodation.  
 
Clearly, pilocarpine does induce accommodative changes. Early reports with ultrasonic 
biometry also revealed a thickening of the lens (mean thickening 0.32 mm) and a 
reduction to the anterior chamber depth (reduction 0.29 mm) when pilocarpine 2% was 
administered in pre-presbyopes (Abramson et al., 1972). Parasympathomimetic agents 
produce greater amplitudes in primates (between 11 and 34 D of accommodation; 
Koretz et al., 1987; Bito et al., 1982; Crawford et al., 1989; Vilpuru and Glasser, 2002) 
in comparison to the direct stimulation of the Edinger-Westphal nucleus which 
stimulates between 10 D and 18 D of accommodation (Koretez et al., 1987; Crawford 
et al., 1989; Vilpuru and Glasser, 2002). Furthermore, within rhesus monkeys the 
movement of the ciliary processes are greater when pharmacological agents are 
instilled, in comparison to Edinger-Westphal stimulation, whereas a greater movement 
of the lens edge is elicited with electrical stimulation, suggesting both methods of 
accommodation stimulation may alter ciliary muscle morphology differently (Ostrin and 
Glasser, 2007). Pilocarpine stimulated accommodation produces a statistically 
significant reduction in the anterior chamber depth (-1.54%), but not lens thickness in 
guinea pigs (Ostrin et al., 2014). Although Ostrin and colleagues (2014) attempted to 
image the ciliary body, poor identification of the ciliary body boundary prevented 
analysis of the structure. However, the authors discussed the possibility of an 
underdeveloped ciliary muscle in guinea pig eyes compared with humans and 
monkeys, since repeated doses of pilocarpine were required to elicit the reported 
findings.  
 
Variability of the accommodative response has been documented in monkeys (e.g. 
Wendt et al., 2008) and humans (Abramson et al., 1973; Wold et al., 2003; Ostrin and 
Glasser, 2004; Koeppl et al., 2005a). Abramson and colleagues (1973) reported lens 
thickening in all presbyopic participants, however, only 85% of eyes showed a 
reduction in anterior chamber depth (Abramson et al., 1973). A possible cause for the 
variation in humans may be iris colour especially since greater amplitudes (mean 8.90 
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D) can be achieved in eyes with lighter irides, in comparison to dark irides (mean 3.53 
D; Wold et al., 2003), whereas in monkeys, the method of pilocarpine administration is 
the most likely cause for the variability (Wendt and Glasser 2010). Moreover, variability 
of the effect of pilocarpine within the accommodative apparatus is also evident within 
guinea pigs where an increase in lens thickness does not always occur (Ostrin et al., 
2014).  
 
Pupil miosis which results from the use of pilocarpine restricts the ability to obtain 
objective refraction measurements with autorefractors, therefore, the duration and time 
for the maximum effect of the agent cannot always be determined easily. However, the 
Hartinger coincidence refractometer, which is based on the Scheiner principle, can 
provide refraction data for miotic pupils that are 1 mm or 2 mm in size (Fincham, 1937). 
Consequently, the maximum effect of pilocarpine 6% has been reported as 33 minutes 
in a youthful group with a mean age of 26 years (Wold et al., 2003). An early study 
suggests the effect of pilocarpine occurs within 15 minutes, with maximum effect 
occurring between 45 and 60 minutes post-instillation within presbyopic eyes 
(Abramson et al., 1973), whereas a maximum effect has been reported between 30 
and 60 minutes in pseudophakic eyes (Kriechbaum et al., 2005).  In order, to overcome 
the pupil miosis some researchers utilise phenylephrine (Ostrin and Glasser, 2004) due 
to the minimal effect on the accommodative amplitude (Mordi et al., 1986a). 
Furthermore, low dose phenylephrine (2.5%) does not affect the ciliary muscle 
dimensions or contractility for moderate accommodative stimuli (Richdale et al., 2012). 
However, high concentrations of phenylephrine (3 drops of 10%) have been utilised to 
overcome miosis in order to investigate the wave front aberrations during pilocarpine 
stimulated and blur stimulus (physiological) accommodation within young phakic 
participants with a mean age of 27 years (Plainis et al., 2009). The researchers 
reported an exponential decrease of pupil miosis with time before plateauing between 
60 and 90 minutes. However, there was variability in the change to the pupil diameter 
per dioptre change in accommodative response (between 0.29 mm per dioptre to 1.54 
mm per dioptre), possibly due to the inconsistency of accommodative responses 
induced by pilocarpine.  
 
Examination of histological ciliary muscle sections from donors aged between 1 and 
107 years old, which have been treated with pilocarpine, reveal an overall shortening to 
the ciliary muscle length and posterior length and a narrowing of the ciliary muscle 
width, indicating the ciliary muscle maintains its contractility throughout life (Pardue and 
Sivak, 2000). 
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Pilocarpine is utilised in accommodation research and is often referred to as a super-
stimulus for accommodation. However, it is evident the effect is variable between 
individuals as established from refraction measurements and ocular biometry. Yet, the 
influence of the agent upon the ciliary muscle contractility and morphology has not 
been determined in-vivo. Such analysis could provide insight into the regions of the 
muscle, and consequently, the muscle fibre groups, which have a role in 
accommodation. Furthermore, the variability of pilocarpine between pre-presbyopes 
and presbyopes suggests the effect of pilocarpine between the different age groups 
may differ.  
 
Consequently this study aimed to determine whether pilocarpine is a super-stimulus for 
accommodation by investigating the effect of the agent on the ciliary muscle 
morphology in-vivo, within pre-presbyopic and presbyopic eyes. Furthermore, the 
investigation of the ciliary muscle fibre groups which are likely to be involved in 
accommodation were further explored by comparing data from a sub-group of 
participants who participated in the study detailed in Chapter 4.  
5.2. Methods 
 
The study was conducted in accordance to the tenets of the Declaration of Helsinki. 
Written and verbal information was provided to participants before they provided written 
consent for their participation. A favourable opinion was provided by Aston University 
Research Ethics Committee before the study commenced.  
5.2.1. Sample size  
 
The number of participants required for this study was calculated from a statistical 
power test using G*power (version 3.1.9.2; Universitat Kiel, Germany). In order to 
measure a medium effect size (f=0.25), based on a within subject ANOVA design and 
a desired statistical power (1-β) of 90% with an error probability (α) of 0.05, at least 26 
pre-presbyopic and 26 presbyopic participants were required.  
5.2.2. Participants 
 
Volunteers were recruited from the optometry undergraduate cohort through email 
announcements.  
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Inclusion criteria 
The same inclusion criteria was used as outlined in Chapter 4, section 4.2.2, for 
recruiting pre-presbyopic and presbyopic participants. Only emmetropic individuals 
were included, for the same reasons explained in the previous chapter. In addition, 
myopic individuals were excluded due to the increased risk of retinal detachment 
documented in myopes with the use of miotics (Singh, 1985).  
 
Visual acuity and refractive error 
The procedure has been described in Chapter 3, section 3.2.2. Participants were 
classified as emmetropic if the MSE was within the range -0.50 to +0.75 DS.  
5.2.3. Procedure 
 
Accommodative response determined with Grand Seiko WAM 5500 
The procedure for determining the accommodative response was replicated from 
Chapter 3, section 3.2.3 and is referred to as physiological accommodation throughout 
this chapter. The stimulus used for this study was the ETDRS letter chart which was 
placed 2.5 metres behind the participant and 5 metres away from the mirror (see 
Figure 3-2). The maximum objective accommodation was determined for each 
participant. The pre-presbyopes and presbyopes were instructed to keep the lowest 
line of letters they could see clear as the objective accommodative response was 
measured for all demand levels.  
 
Visante AS-OCT  
The ciliary muscle images were acquired from the temporal aspect, as described in 
Chapter 4, section 4.2.3. The ciliary muscle images were acquired during relaxed 
accommodation and per dioptre of accommodation up to the individually determined 
amplitude of accommodation. 
 
LenStar LS900 
Ocular biometry measurements were obtained at relaxed accommodation and at the 
maximum amplitude for each participant, using the same procedure outlined in Chapter 
4, setion 4.2.3. 
 
Health examination prior to drug instillation 
The same procedure was completed as described in Chapter 4, section 4.2.3.  
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Instillation of parasympathomimetic agent 
After baseline data were obtained for refractive error, objective accommodation, ocular 
biometry and ciliary muscle images, one drop of 0.5 % proxymetacaine (Minims 
preparation) was instilled into the lower fornix of the right eye followed by 2 drops of 2% 
pilocarpine nitrate (Minim preparations). Participants were instructed to close their eyes 
and occlude the punctum to reduce systemic absorption of the agent for approximately 
30 seconds. 
 
The badal system used for the autorefractor, AS-OCT and LenStar were set to ensure 
a 0 D accommodative demand level since pharmacological stimulation of the ciliary 
muscle provided the accommodative response. Data for refractive error, ocular 
biometry and ciliary muscle images were acquired every 10 minutes post-instillation of 
the agent. However, pupil miosis produced pupil sizes less than 2.3 mm, the minimum 
size required for measurements with the autorefractor, therefore, data for refractive 
error measurements could not be obtained for all participants at all time intervals 
examined. The end point of the study was determined from ocular biometry, when 
three consecutive anterior chamber depth measurements were the same.   
 
At the end of each visit, intraocular pressure was determined with the i-care tonometer 
(Davies et al., 2006) and a leaflet provided to the patients regarding the instillation of 
the drug and advice relating to adverse effects.  
5.2.4. Statistical analysis 
 
A Shapiro-Wilk test (SPSS Statistics 21; SPSS Inc., Illinois, USA) revealed normal 
distribution of the parameters analysed for the study. Therefore, assumptions of 
normality and homogeneity of variance were met. A repeated measures analysis of 
variance (ANOVA) was performed (Armstrong et al., 2011) to determine the effect of 
physiological accommodation on the ciliary muscle parameter as well as the effect of 
pilocarpine on the ciliary muscle parameter over time. A repeated measures ANOVA 
was also conducted for the ocular biometry data to determine the effect of pilocarpine 
on the intraocular parameters. Greenhouse Geisser results are reported and post-hoc 
comparisons were determined using Bonferroni correction.  
5.3. Results 
 
In order to account for attrition due to the variability from the time course of the agent to 
produce its maximum accommodative effect, 35 pre-presbyopic participants were 
recruited for the study. Due to poor physiological accommodative responses (n= 1) the 
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inability to obtain anterior chamber depth measurements at all time intervals (n= 1), 
inadequate pupil miosis suggesting an insufficient effect of the agent at the muscarinic 
receptors (n= 3), these data were excluded. The end point for the study was reached at 
60 minutes for 27 participants and 70 minutes for three participants. Therefore, data 
are presented for 27 participants whose end point was achieved at 60 minutes with a 
mean refractive error -0.18 (SD 0.48) D and mean age 19.6 (SD 0.36) years. Iris colour 
was classified according to the criteria by Seddon et al (1990). Twenty four participants 
had dark brown irides (grade 5) and three participants had a light brown or green iris 
(grade 4).  
Recruiting emmetropic presbyopic participants within the inclusion criteria defined for 
this study was difficult, and overall, four presbyopic participants were able to participate 
with a mean refractive error 0.01 (SD 0.49) and mean age 45.8 (SD 4.78) years. All 
participants had an iris colour of grade 4. Due to the small sample size, the observed 
power for all the ciliary muscle parameters investigated were determined. The post-hoc 
results indicated there was insufficient power for the presbyopic sample size included 
in the present study.  
Figure 5-1 shows the physiological objective accommodative response for the 
accommodative demand levels tested in this study. Twenty four pre-presbyopic 
participants were able to accommodate to all demand levels up to 8 D whereas 3 
participants were only able to accommodate to the 7 D demand level. It is clear from 
the graph, there is a greater variability in the accommodative response at the higher 
demand levels (7 D and 8 D) as indicated by the larger error bars. As expected, the 
amplitude of accommodation for presbyopes was lower than the pre-presbyopes; there 
was a gradual increase in the accommodative response up to 3 D and it is clear from 
Figure 5-1, the response declined at 4 D demand levels and above.  
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Figure 5-1. The accommodative demand-response curve for 27 pre-presbyopes and 4 
presbyopes, during blur-driven (physiological) accommodation. 
 
 
The results for the ciliary muscle parameters at each accommodative demand level 
tested, are shown in Appendix 2 Table A2-1 for the pre-presbyopes and Table A2--2 for 
the presbyopes. Analysis of the mean baseline data between both groups reveals the 
presbyopic ciliary muscle is shorter and also thinner than the pre-presbyopic muscle.  
5.3.1. The effect of physiological accommodation on ciliary muscle morphology 
within a pre-presbyopic and presbyopic cohort 
 
Since all pre-presbyopic participants were able to accommodate to the 7 D demand 
level, the physiological response of the ciliary muscle for every accommodative 
demand level between 0 D and 7 D were obtained, prior to the instillation of 
pilocarpine. Ciliary muscle images were acquired up to the 5 D demand level for the 
presbyopic cohort, prior to the instillation of pilocarpine.  
 
There was an insignificant effect of accommodation on the ciliary muscle thickness at 
CMT1 within the pre-presbyopic muscle (F1.579, p= 0.652) and presbyopic muscle 
(F0.276, p= 0.797), as well as an insignificant accommodative effect at CMT2 for pre-
presbyopes (F0.825, p= 0.538) and presbyopes (F1.324, p= 0.335). As shown in Figure 5-2 
A, the ciliary muscle thickness at CMT3 for the pre-presbyopes significantly reduced for 
all accommodative demand levels (F8.882, p= 0.000), with post-hoc pairwise 
comparisons indicating the significant changes were between 0 D and 6 D (mean 
difference 20.0 µm, p= 0.015) and between 0 D and 7 D demand levels (mean 
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difference 29.0 µm, p= 0.000). Although there was an indication of a reduced 
thickening within the region for the presbyopic cohort, especially up to the 3 D demand 
level, theses changes were not significant (F1.324, p= 0.335). There was a thinning 
within CM25 region up to 2 D demand level, which was of a greater magnitude within 
the presbyopes than the pre-presbyopes, as shown in Figure 5-2 B. There was 
significant thickening at CM25 within the pre-presbyopic ciliary muscle (F4.190, p =0.002) 
specifically between the 2 D and 6 D demand level (mean difference 25.0 µm, p= 
0.035). However, the effect of accommodation at CM25 was insignificant within the 
presbyopic cohort (F0.831, p= 0.484). Figure 5-2 C shows the ciliary muscle thickness at 
CM50 and it is clear there was a thinning within the region for the 1 D and 2 D 
accommodative demand levels within the pre-presbyopic cohort, and up to the 3 D 
demand level for the presbyopic cohort. There was a thickening of the pre-presbyopic 
ciliary muscle between 2 D and 3 D accommodative demand levels, and between 4 D 
and 6 D accommodative demand levels. However, there was no significant effect of 
accommodation on the thickness of the muscle at CM50 for the pre-presbyopic cohort 
(F1.989, p= 0.085) or presbyopic cohort (F1.528, p= 0.294). There was no significant effect 
of accommodation at CM75 for the pre-presbyopic (F0.580, p= 0.716) or presbyopic 
cohort (F1.386, p= 0.323).  
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Figure 5-2. The ciliary muscle thickness at various accommodative demand levels A: CMT3, B: CM25, C: CM50 and D: CM75 for the  
pre-presbyopes (mean + 1 SEM) and presbyopes (mean – 1 SEM).   
 
 
Figure 5-3. The ciliary muscle thickness at various accommodative demand levels A: CMT3, B: CM25, C: CM50 and D: CM75 for the  
pre-presbyopes (mean + 1 SEM) and presbyopes (mean – 1 SEM).   
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The ciliary muscle thickness at CMMax significantly increased with accommodative 
effort within the pre-presbyopes (F4.400, p= 0.001) as seen in Figure 5-3 A, although 
there were no significant mean differences between the thicknesses at the different 
demand levels. There was also a significant reduction to the ciliary muscle length with 
accommodation within the pre-presbyopic cohort (F5.712, p= 0.000), particularly between 
0 D and 5 D demand levels (mean difference 0.19 µm, p= 0.041), 0 D and 6 D demand 
levels (mean difference 234.0 µm, p= 0.016) and 0 D and 7 D demand levels (mean 
difference 280.0 µm p= 0.020), as shown in Figure 5-3 B suggesting the contractile 
shortening of the ciliary muscle is greatest at higher accommodative demand levels. 
Furthermore, within the pre-presbyopic cohort there was a significant effect of 
accommodation on the anterior length (F3.479, p= 0.007), particularly between 0 D and 7 
D demand levels (mean difference 56.0 µm, p= 0.032), as seen in Figure 5-3 C. There 
was also a significant effect of accommodation on the distance between the scleral 
spur and inner apex, which became shorter with accommodation indicating a possible 
forward movement of ciliary muscle mass and a centripetal movement (F2.519, p= 
0.039), although there were no significant mean differences to the distance between 
different demand levels.  
 
Within the presbyopic cohort, there was an insignificant effect of accommodation at 
CMMax (F1.642, p= 0.265), distance between the scleral spur and inner apex (SS-IA; 
F1.152, p= 0.377), the anterior length (F1.317, p= 0.337) and the ciliary muscle length arc 
(F4.136, p= 0.064).  
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Figure 5-3. Mean (1 SEM) ciliary muscle parameter at various accommodative demand levels. A: CMMax, B: ciliary muscle length arc,  
C: anterior length (SS-CM), D: SS-IA for the pre-presbyopes and presbyopes. 
 
 
Figure 5-5. Mean (1 SEM) ciliary muscle parameter at various accommodative demand levels. A: CMMax, B: ciliary muscle length arc,  
C: anterior length (SS-CM), D: SS-IA for the pre-presbyopes and presbyopes. 
 
146 
 
5.3.2.   The effect of pilocarpine stimulated accommodation on ciliary muscle 
morphology within a pre-presbyopic and presbyopic cohort 
 
Post-instillation of pilocarpine revealed a significant reduction to the thickness at 3mm 
posterior to the scleral spur (CMT3) over time (F5.518, p= 0.002), particularly between 
baseline (0 minutes) and 50 minutes (mean difference in CMT3 34µm, p= 0.013), 
within the pre-presbyopic cohort (see Figure 5-4 A). Although there was a reduction to 
the ciliary muscle thickness within CMT3 of the presbyopic cohort, the thinning was 
insignificant (F2.204, p= 0.226).  
 
Pilocarpine also produced a statistically significant thickening at CM25 within the pre-
presbyopic cohort as seen in Figure 5-4 B, indicating a contraction of the ciliary muscle 
(F2.992, p= 0.015), although not between any particular time intervals as indicated from 
the post-hoc comparisons. There was an increased thickening at CM25 post-instillation 
of pilocarpine within the presbyopic cohort up to 30 minutes, however, the effect of 
pilocarpine on the thickness was insignificant (F1.119, p =0.389). Pilocarpine produced a 
significant thickening to CM50 over time within the pre-presbyopic cohort (F2.782, p= 
0.022), which was nearly significant between baseline (0 minutes) and 20 minutes 
(mean difference 0.026 µm, p= 0.055). There was an insignificant effect of pilocarpine 
on the thickness at CM50 within the presbyopic cohort (F1.48`, p= 0.292). Pilocarpine 
produced two phases of thickness changes at CM75 within the pre-presbyopic muscle, 
although the effect of the agent over time was insignificant (F1.017, p=0.409). A 
thickening within the region was evident up to 20 minutes, which reached baseline 
levels at 30 minutes, before increasing in thickness again. However, there was an 
insignificant effect of pilocarpine on the ciliary muscle thickness within the region over 
time within the presbyopic cohort (F1.428, p= 0.306).  
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Figure 5-4. The ciliary muscle thickness over regular time intervals post-instillation of pilocarpine for pre-presbyopes (mean + 1 SEM) and 
presbyopes (mean – 1 SEM). 0 minutes refers to baseline measurements. A: CMT3, B: CM25, C: CM50, D: CM75. 
 
Figure 5-7. The ciliary muscle thickness over regular time intervals post-instillation of pilocarpine for pre-presbyopes (mean + 1 SEM) and 
presbyopes (mean – 1 SEM). 0 minutes refers to baseline measurements. A: CMT3, B: CM25, C: CM50, D: CM75. 
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The thickness at CMMax increased between baseline and 10 minutes post-instillation 
of pilocarpine which was significant (F3.070, p=0.015) for the pre-presbyopes (mean 
difference 21 µm, p= 0.026). A gradual decrease in thickness consequently occurred, 
indicating the effect of pilocarpine was reducing, although no significant differences 
between time intervals were evident from post-hoc comparisons. A similar profile is 
also evident for the presbyopes as seen in Figure 5-5 A, although the increased 
thickening was insignificant (F0.365, p= 0.686). Pilocarpine produced a significant 
shortening of the anterior length over time within the pre-presbyopic cohort (F3.972, p= 
0.008), although there were no significant post-hoc comparisons for time intervals. 
Within the pre-presbyopic cohort, pilocarpine also significantly reduced the distance 
between the scleral spur and inner apex over time (F3.021, p= 0.025), indicating a 
centripetal movement was possible. However, post-hoc pairwise comparisons did not 
reveal significant differences to the ciliary muscle thickness influenced by pilocarpine 
between any particular time intervals. Pilocarpine induced a significant contractile 
shortening of the ciliary muscle (F8.839, p= 0.000), which was significant between 
baseline and all time intervals (p <0.005), indicating the contractile shortening is a vital 
aspect for accommodation.  
 
There was an insignificant effect of pilocarpine on the reduction to the anterior length  
(F 2.157, p=0.220), distance between the scleral spur and inner apex (SS-IA; F2.762, p= 
0.164) and ciliary muscle length arc (F4.136, p= 0.064) within the presbyopic cohort.  
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Figure 5-5. Ciliary muscle parameter over time with pilocarpine. A: CMMax, B: anterior length (SS-CM), C: SS-IA, D: CMLength Arc for the pre-
presbyopes (mean + 1 SEM) and prebyopes (mena – 1 SEM). 
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5.3.3. Ocular biometry and pilocarpine 
 
Ocular biometry measurements were taken for each participant prior to the instillation 
of pilocarpine and every 10 minutes post-instillation. Within the pre-presbyopic cohort, 
the corneal thickness, anterior chamber depth and axial length measurements were 
obtained from all participants. However, lenticular thickness was difficult to obtain in a 
majority of the participants at all time intervals assessed within the study. Therefore, 
complete data for lens thickness for the duration of the study was obtained from 8 
participants. In contrast, the lens thickness measurements were acquired from all the 
presbyopic participants. For the 8 pre-presbyopic participants, the mean lens thickness 
at baseline was 3.62 mm (SE 0.08), and the thickness increased 10 minutes post-
instillation of pilocarpine (mean 3.75 mm (SE 0.13)), and 20 minutes (mean 3.79 mm 
(SE 0.12)), followed by a reduction in thickness at 30 minutes (mean 3.78 mm (SE 
0.13)) which continued until the end point of the study (at 60 minutes the mean 
thickness was 3.76 mm (SE 0.13)). There was a significant effect of pilocarpine on the 
lens thickness (F6.601, p= 0.027) specifically between 10 and 20 minutes (mean 
difference 0.44 mm, p= 0.026).  
 
Within the presbyopic cohort, a similar pattern was evident. There was an increase in 
lens thickness from baseline (mean thickness 4.41 (SE 0.02) mm) to 10 minutes (mean 
thickness 4.48 (SE 0.02) mm) and 20 minutes (mean thickness 4.49 (SE 0.02) mm) 
which remained constant up to 60 minutes, when a reduction in thickness was evident 
(mean thickness 4.48 (SE 0.03) mm). For both groups, the lens thickness did not return 
to baseline levels throughout the duration of the study and was thicker than baseline 
levels at the end of the study (60 minutes). 
 
The corneal thickness, anterior chamber depth and axial length measurements for all 
the pre-presbyopic cohort are shown in Table 5-1, and the presbyopic cohort is shown 
in Table 5-2.  There was an insignificant effect of pilocarpine on the corneal thickness 
within the pre-presbyopic (F0.512, p= 0.499) and presbyopic (F0.719, p= 0.502) cohort. 
There was also an invariant change to the axial length within the pre-presbyopic (F0.685, 
p= 0.425) and presbyopic (F3.209, p= 0.269) cohort. However, axial length 
measurements for each time interval post-instillation of pilocarpine, have not been 
corrected for the error induced as a consequence of the reduced anterior chamber 
depth and increased lenticular thickness which occurs during accommodation, since a 
measurement of lens thickness was not possible for a majority of pre-presbyopic 
participants. Also, objective refraction measurements could not be obtained for all 
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participants with the autorefractor, in order to approximate lens thickness 
measurements using Norrby’s equations (2005).   
 
Pilocarpine produced a gradual and insignificant change to the anterior chamber depth 
of the pre-presbyopic cohort (F26.418, p= 0.363). There was a gradual decrease in the 
anterior chamber depth for the presbyopic cohort within 20 minutes post-instillation of 
pilocarpine, followed by a steep decrease at 30 minutes (shown in Figure 5-6) 
suggesting the maximum effect of pilocarpine was achieved. There was an insignificant 
change to the anterior chamber depth with pilocarpine within the presbyopic cohort 
(F1.785, p= 0.260). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Ocular 
parameter 
Time (min) 
0 10 20 30 40 50 60 
Corneal 
thickness 
(µm) 
540 
(SE 
6.32) 
539.57 
(SE 
6.19) 
538.73 
(SE 
6.15) 
539.16 
(SE 
5.99) 
537.89 
(SE 
6.07) 
538.07 
(SE 
6.00) 
537.57 
(SE 
6.05) 
Anterior 
chamber 
depth 
(mm) 
3.03 
(SE 
0.05) 
2.94 
(SE 
2.89) 
2.89 
(SE 
0.05) 
2.88 
(SE 
0.05) 
2.88 
(SE 
0.05) 
2.89 
(SE 
0.05) 
2.90 
(SE 
0.05) 
Axial 
length 
(mm) 
23.63 
(SE 
0.16) 
23.58 
(SE 
0.17) 
23.56 
(SE 
0.17) 
23.56 
(SE 
0.17) 
23.55 
(SE 
0.17) 
23.56 
(SE 
0.17) 
23.56 
(SE 
0.17) 
Table 5-1. Ocular biometry measurements at each time interval post-instillation of 
pilocarpine for 27 pre-presbyopes. 0 minutes refers to baseline. Data are presented as the 
mean ± 1 SE. The raw axial length data are presented.   
 
Table 5-4. The ocular biometry measurements at each time interval post-instillation of 
pilocarpine for 27 pre-presbyopes. 0 minutes refers to baseline. Data is presented as the 
mean with 2 SE. The raw axial length data is presented.   
 
Table 5-1. Ocular biometry measurements at each time interval post-instillation of 
pilocarpine for 27 pre-presbyopes. 0 minutes refers to baseline. Data are presented as the 
mean ± 1 SE. The raw axial length data are presented.   
 
Table 5-5. The ocular biometry measurements at each time interval post-instillation of 
pilocarpine for 27 pre-presbyopes. 0 minutes refers to baseline. Data is presented as the 
mean with 2 SE. The raw axial length data is presented.   
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Figure 5-6. The mean (± 1 SEM) anterior chamber depth at regular time intervals post-
instilation of pilocarpine. 0 minutes refers to baseline. 
 
 
 
 
 
Ocular 
parameter 
Time (min) 
0 10 20 30 40 50 60 
Corneal 
thickness 
(µm) 
527.92 
(SE 
20.02) 
529.42 
(SE 
19.47) 
529.92 
(SE 
19.36) 
529.67 
(SE 
19.86) 
530.42 
(SE 
20.08) 
529.33 
(SE 
19.18) 
529.50 
(SE 
19.59) 
Anterior 
chamber 
depth 
(mm) 
2.76 
(SE 
0.14) 
2.73 
(SE 
0.13) 
2.68 
(SE 
0.12) 
2.50 
(SE 
0.15) 
2.67 
(SE 
0.12) 
2.68 
(SE 
0.13) 
2.67 
(SE 
0.12) 
Axial 
length 
(mm) 
23.83 
(SE 
0.42) 
23.84 
(SE 
0.42) 
23.93 
(SE 
0.46) 
23.82 
(SE 
0.41) 
23.82 
(SE 
0.42) 
23.82 
(SE 
0.42) 
23.82 
(SE 
0.42) 
Table 5-2. Ocular biometry measurements at each time interval post-instillation of 
pilocarpine for 4 presbyopes. 0 minutes refers to baseline. Data are presented as the 
mean ±1 SE. The raw axial length data are presented.   
 
Table 5-10. The mean (± 2 SEM) anterior chamber depth at regular time intervals post-
instilation of pilocarpine. 0 minutes refers to baseline.Table 5-11. The ocular biometry 
measurements at each time interval post-instillation of pilocarpine for 4 presbyopes. 0 
minutes refers to baseline. Data is presented as the mean with 2 SE. The raw axial length 
data is presented.   
 
Figure 5-9. The ciliary muscle thickness over regular time intervals for 10 participants. 
Data is presented for post-instillation of pilocarpine (mean + 1 SEM) and cyclopentolate 
(mean – 1 SEM). 0 minutes refers to baseline measurements. A: CMT3, B: CM25, C: 
CM50 D: CM75.Table 5-2. Ocular biometry measurements at each time interval post-
instillation of pilocarpine for 4 presbyopes. 0 minutes refers to baseline. Data are 
presented as the mean ±1 SE. The raw axial length data are presented.   
 
Table 5-12. The mean (± 2 SEM) anterior chamber depth at regular time intervals post-
instilation of pilocarpine. 0 minutes refers to baseline.Table 5-13. The ocular biometry 
measurements at each time interval post-instillation of pilocarpine for 4 presbyopes. 0 
minutes refers to baseline. Data is presented as the mean with 2 SE. The raw axial length 
data is presented.   
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5.3.4. Objective refraction measurements 
 
During the time course of the study, pilocarpine produced pupil miosis, therefore 
measurements of objective refraction with the Grand Seiko WAM 5500 autorefractor 
could not be obtained from 2 participants with green irides (grade 4) and 4 participants 
with dark brown (grade 5) irides, within the pre-presbyopic cohort. The data which 
could be obtained from the 21 remaining participants were recorded at each time 
interval. 10 minutes post-instillation revealed a mean accommodative response of 0.93 
D (SE 0.15), at 20 minutes the mean was 1.83 D (SE 0.22), 30 minutes the mean 
response was 2.10 D (SE 0.27), at 40 minutes the mean response decreased to 2.09 D 
(SE 0.30), which further declined at 50 minutes (mean 1.74 D (SE 0.22) and 60 
minutes (mean 1.44 D (SE 0.22)). Therefore, the maximum accommodation response 
induced with pilocarpine was slightly over 2 D and the maximum effect of pilocarpine 
occurred at 30 minutes. Figure 5-7 shows the variability in the accommodative 
responses at each time interval, by the larger error bars.  
 
Within the presbyopic cohort the objective refraction measurements were unable to be 
measured for 3 of the 4 participants at each time interval since the pupil size was 
smaller prior to the instillation of pilocarpine and the miosis increased after the 
instillation of the agent, preventing further measurements with the autorefractor. 
Therefore, autorefraction data for the presbyopes has not been analysed.  
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Figure 5-7. The accommodative response curve over time for 21 pre-presbyopes 
during pilocarpine stimulated accommodation (mean ± 2 SEM).
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5.3.5. Comparison of the ciliary muscle morphology with pilocarpine and 
cyclopentolate in a sub-group of participants 
 
A sub-group of participants (n= 10) participated in the study described in Chapter 4, 
and the current study. In order to gain a greater understanding of the regions within the 
ciliary muscle which are most likely involved in accommodation, the data for the sub-
group of participants obtained under maximum cycloplegia with the use of 
cyclopentolate, were compared to the data obtained after the instillation of pilocarpine. 
Cyclopentolate therefore induced a maximally relaxed ciliary muscle, whereas, 
pilocarpine caused a contraction of the ciliary muscle. The washout period between 
both studies was 2 months. The average age of the participants was 19.8 (SE 0.70) 
years and mean refractive error was -0.14 D (SE 0.13). Eight participants had a dark 
brown iris (grade 5) and two participants had a green or light brown iris (grade 4). The 
autorefraction data could not be obtained from one participant throughout the duration 
of study due to pupil miosis, therefore their results were omitted from the amplitude of 
accommodation data. The maximum physiological accommodation for the remaining 9 
participants was 6.07 D (SE 0.35), and the maximum accommodation achieved with 
pilocarpine stimulated accommodation was 2.71 D (SE 0.65) at 40 minutes.  
 
Figure 5-8 and 5-9 shows the results for ciliary muscle thickness and length. 
Cyclopentolate produced a thickening 3 mm posterior to the scleral spur (CMT3) over 
time specifically up to 30 minutes, whereas pilocarpine produced a thinning within the 
region up to 30 minutes, as seen in Figure 5-8 A. There were no significant differences 
to the ciliary muscle thickness between the agents within the region. Both 
cyclopentolate and pilocarpine increased the thickening within CM25 over time, 
although the increase was greater with pilocarpine, therefore indicating a contraction of 
the ciliary muscle within the region. The likely cause of the thickening with 
cyclopentolate was probably due to the ciliary muscle mass moving anteriorly over 
time. The differences to the ciliary muscle thickness were significant between both 
agents (F19.910, p= 0.000). Similar profiles were also evident for CM50 and CM75, as 
seen in Figure 5-8 C and D, and the difference in the thickening between both agents 
were also significant (CM50: F15.590, p= 0.001; CM75: F10.975, p= 0.004). Both pilocarpine 
and cyclopentolate produced a greater distance between the scleral spur and inner 
apex, although the difference between both agents were not significant (F0.514, p= 
0.483). Both agents increased the anterior length, and there was an invariant difference 
between both agents within the region (F1.187, p= 0.290). Ciliary muscle length arc 
reduced over time with cyclopentolate, specifically within 30 minutes, possibly due to a 
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forward movement of the ciliary muscle mass. Pilocarpine produced a contractile 
shortening of the muscle over time, and the difference in length between both agents 
was significant (F16.572, p=0.001). 
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Figure 5-8. The ciliary muscle thickness over regular time intervals for 10 participants. Data is presented for post-instillation of pilocarpine 
(mean + 1 SEM) and cyclopentolate (mean – 1 SEM). 0 minutes refers to baseline measurements. A: CMT3, B: CM25, C: CM50 D: CM75.  
 
 
 
Figure 5-10. The ciliary muscle thickness over regular time intervals for 10 participants. Data is presented for post-instillation of pilocarpine 
(mean + 1 SEM) and cyclopentolate (mean – 1 SEM). 0 minutes refers to baseline measurements. A: CMT3, B: CM25, C: CM50 D: CM75.  
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Figure 5-9. The ciliary muscle measurement over regular time intervals for 10 participants. Data is presented for the post-instillation of  
pilocarpine (mean + 1 SEM) and cyclopentolate (mean – 1 SEM). 0 minutes ref rs to baseline measurements. A: CMMax, B: SS-IA, C:  
SS-CM, D: CMLength Arc.  
 
 
 
Figure 5-12. The ciliary muscle measurement over regular time intervals for 10 participants. Data is presented for the post-instillation of  
pilocarpine (mean + 1 SEM) and cyclopentolate (mean – 1 SEM). 0 minutes refers to baseline measurements. A: CMMax, B: SS-IA, C:  
SS-CM, D: CMLength Arc.  
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5.4. Discussion  
 
The results from the current study provide in-vivo data for the effect of pilocarpine on 
the ciliary muscle morphology, within pre-presbyopic and presbyopic human 
participants, as well as further insight into the accommodative mechanism of the 
human ciliary muscle. The results have shown, for the first time, that pilocarpine 
produces an anterior movement of the ciliary muscle as indicated by the increased 
thickening, centripetal movement and contractile shortening, which was evident in pre-
presbyopic and presbyopic participants. However, the amplitude of accommodation 
achieved, as determined from the pre-presbyopic cohort, is less than that achievable 
under physiological stimulation of the accommodative apparatus. Interestingly, 
evidence from the current study indicates that a centripetal and apical thickening is not 
solely responsible for accommodation but the increased thickening within the muscle 
and the contractile shortening, are essential for providing the forward movement of the 
muscle to achieve maximum accommodation. 
 
Comparison of ciliary muscle morphology between presbyopes and pre-presbyopes 
indicates a shorter and thinner ciliary muscle within the presbyopic cohort, which is in 
agreement with in-vitro findings of a reduction in ciliary muscle length and width with 
age (Tamm et al., 1992b). Such findings may be explained by the possible reduction in 
the quantity of longitudinal fibres and consequent posterior thinning of the muscle with 
age (Tamm et al., 1992b). Furthermore, the lens thickness of the presbyopic cohort 
was greater than the pre-presbyopes at baseline, a finding which is well documented 
within the literature (e.g. Dubbelman and Van der Heijde, 2001).  
 
During physiological manipulation of the accommodative apparatus, the ciliary muscle 
thinned posteriorly as indicated by the significant reduction in thickness at CMT3, and 
increased in thickness anteriorly as suggested by the thicker measurements at CM25 
and CMMax. There was a reduction in anterior length, a decrease in the distance 
between the scleral spur and inner apex and a contractile shortening. These findings 
support current evidence of in-vivo ciliary muscle changes during accommodation 
(Sheppard and Davies, 2010b; Lewis et al., 2012; Lossing et al., 2012; Richdale et al., 
2013; Shao et al., 2013). Furthermore, the presbyopic cohort demonstrated a reduction 
in thickness at CMT3, up to the maximum mean accommodative demand level (3 D), 
thus supporting evidence of a posterior thinning within the presbyopic ciliary muscle 
during accommodation (Sheppard and Davies, 2011) and also the relevance of CMT3 
during accommodation (Richdale et al., 2013). Although the thickness of the 
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presbyopic ciliary muscle at CM25, CM50, CM75 and CMMax increased above 
baseline when the 4 D demand level was simulated, a thinning was evident for the 1 D 
demand level, suggesting the increased depth of focus due to miotic pupils, may 
provide up to 1 D accommodation and ciliary muscle contraction is not required. The 
reduction in anterior length, ciliary muscle length arc and distance between scleral spur 
and inner apex was only evident between the 2 D and 3 D demand levels, indicating 
the contraction and mobility of the ciliary muscle was not possible beyond 4 D, and 
therefore explains the reduced accommodative responses for demand levels of 4 D 
and greater. Sheppard and Davies (2011) also found the anterior region of the ciliary 
muscle, represented by CM25 and the anterior length remained responsive to an 
accommodative stimulus throughout life, and contractile shortening was evident even 
when presbyopia was well established (Sheppard and Davies, 2011), which is 
supported by the findings from the current study.  
 
Pilocarpine is often inferred to as a super-stimulus for accommodation (Koeepl et al., 
2005b; Kriechbaum et al., 2005) and although pilocarpine induced a significant 
shortening and anterior thickening of the ciliary muscle, the findings were only 
significant for the pre-presbyopic cohort. The results from the current investigation 
support findings of an anterior and inward movement of the ciliary muscle during 
accommodation (e.g. Lewis et al., 2012), and the maintenance of contractile ability of 
the muscle with age (Sheppard and Davies, 2011) which may occur if neurotransmitter 
and synthesis binding remains constant throughout life, which has been demonstrated 
in the rhesus monkey (Gabelt et al., 1990). The present study provides the first in-vivo 
results relating to the effect of pilocarpine on ciliary muscle morphology. The results 
indicate the ciliary muscle length 30 minutes after pilocarpine instillation was 3.66 mm 
(SE 0.23), which is shorter than the pilocarpine treated ciliary muscle length 
determined in-vitro  for a similar age group 24-48 hours after death (length of 4.01 mm 
(SD 1.11); Pardue and Sivak, 2000). Therefore, the differences may be a consequence 
of oedema in tissue at post-mortem.  
 
The results from the sub-group data suggest the increased thickening within CM25, 
CM50, CM75 and the contractile shortening of the muscle are likely to have a 
significant role in accommodation. Indeed, studies from rhesus monkeys reveal that the 
loss of forward movement in the ciliary body of older monkey eyes, produces a greater 
reduction to the accommodative amplitude, and, although a 12% loss in centripetal 
movement occurs in older eyes compared to younger eyes, it is not enough to produce 
the 57% reduction in centripetal lens movement or the 76% reduction in 
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accommodative amplitude (Croft et al., 2006b), therefore, suggesting a forward and 
centripetal movement of the ciliary muscle is required for maximum accommodation. 
Consequently, the present study supports the hypothesis that a restriction to the ciliary 
muscle mobility and consequent hinderance to the forward movement of the muscle, 
could explain the reduced accommodative amplitude which occurs with increasing age. 
Croft and colleagues (2013a) suggested the possible cause of the reduced forward 
movement that may result with increasing age is the restricted movement of the 
vitreous zonules, which prevent a forward movement of ciliary muscle mass and ciliary 
muscle apex thickness, therefore, reducing the accommodative amplitude. Indeed, the 
increased thickness within the apex of the muscle reduces the tension on the anterior 
zonules and enables a centripetal movement of the lens, however, the forward 
movement of the vitreous zonule and ciliary muscle together provides a greater 
increase to the lens thickness, during accommodation (Croft et al., 2013b). 
Nevertheless, the increase in connective tissue (Tamm et al., 1992b; Pardue and 
Sivak, 2000) and the inability of acetylcholine to stimulate the ciliary muscle nerves due 
to the larger proportion of tissue around nerve fibres may also contribute to the reduced 
ability of the muscle to forward during accommodation with increasing age.  
 
There are several reports for the variability for the effect of pilocarpine on the 
accommodative response as well as the time course for maximum effect (Wold et al., 
2003; Kriechbaum et al., 2005; Plainis et al., 2009). Indeed, a variable effect of 
pilocarpine on the ciliary muscle morphology was documented in the present study, 
where an increase in distance between the scleral spur and inner apex (SS-IA) and the 
anterior length was found for the sub-group of participants, in comparison to the mean 
data from the 27 participants, where a reduction to the anterior length and distance 
between the scleral spur and inner apex was evident. Autorefraction data could not be 
obtained from all the presbyopes within the study, however, the ciliary muscle data for 
the main study with 27 participants, suggests the maximum effect of pilocarpine occurs 
at 30 minutes at least in pre-presbyopic individuals, indicating studies which obtain 
measurements for intraocular biometry after administration of 2% pilocarpine at 30 
minutes post-instillation (Koeppl et al., 2005b) are valid. Plainis et al (2009) reported a 
maximum accommodative response occurs between 38 and 85 minutes post-
instillation of pilocarpine, however, the authors used phenylephrine alongside 
pilocarpine which may explain the large variation for the duration of the agent.  
It is clear measurements of accommodative response and intraocular biometry after the 
instillation of pilocarpine should be obtained at regular time intervals, rather than 
assuming the maximum effect occurs at one time point due to the variability in the time 
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course of the drug. Subsequently, pilocarpine stimulated accommodation may not 
provide essential information about accommodating intraocular lenses, if measured at 
one interval for all participants, due to the variation in effect of the agent (Plainis et al., 
2009).   
 
Although refraction data could not be acquired at each time interval for all participants 
involved in the study, the accommodative effect of pilocarpine was monitored from 
anterior chamber depth measurements. There was evidence of a reduced anterior 
chamber depth and increased lens thickness within all participants, therefore indicating 
the contractile shortening and anterior thickening of the muscle produced by 
pilocarpine, resulted in an increase to the lens thickness and decrease in the anterior 
chamber depth for both the presbyopic and pre-presbyopic cohort. Although these 
findings provide evidence for accommodation, the magnitude determined from 
autorefraction did not reveal responses as great as that reported by Wold et al (2003) 
or Plainis et al (2009).  
 
During ciliary muscle contraction, a redistribution of muscle mass occurs increasing 
within the posterior region, which may exert pressure on the peripheral vitreous 
(Busaaca, 1955 cited by Cumming et al., 2001). The results of the current study seem 
to support this finding of an increased muscle mass posteriorly, since pharmacological 
manipulation of the ciliary muscle with pilocarpine produced a significant thickening 
within the posterior locations of the ciliary muscle, CM50 and CM75, in comparison to 
the maximally relaxed muscle induced by cyclopentolate. However, the effect of this 
increased muscle mass was only evident during pharmacological manipulation of the 
accommodative apparatus, suggesting the greater increase is not possible under 
physiological conditions to produce pressure at the peripheral vitreous.  
 
The present investigation is not without its limitations. The sample size of the 
presbyopic participants was limited and resulted in, greater variability for the reported 
ciliary muscle and biometry data was documented. Although the findings suggest the 
contractility and mobility of the ciliary muscle is sustained in presbyopia, and the 
maximum effect of pilocarpine occurs at 30 minutes post-instillation, the insufficient 
power of the sample size in the present study warrants further investigation with larger 
sample sizes to confirm these findings. The current study also investigated the ciliary 
muscle of emmetropes due to the risk of pilocarpine on ocular health in ametropic 
individuals. Considering the ciliary muscle morphology differs between individuals with 
ametropia (Sheppard and Davies, 2010b), it would be of interest to determine whether 
similar findings are evident in ametropic individuals.  Furthermore, pupil miosis 
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prevented the acquisition of refraction data for 6 pre-presbyopic participants and 3 
presbyopic participants. Although other researchers have used phenylephrine to 
produce mydriasis, the combination of pilocarpine and phenylephrine was avoided in 
this study due to the risk of an adverse event, especially since a high concentration of 
phenylephrine can induce systemic side effects (Fraunfelder, and Scafidi, 1978). 
Moreover, the axial length data obtained throughout the study could not be corrected 
for the error induced by the increased lens thickness and reduction in the anterior 
chamber depth, therefore the raw data has been included.  
 
Overall, the study has shown pilocarpine stimulated accommodation induces a forward 
movement of the ciliary muscle, an anterior and posterior thickening as well as a 
contractile shortening, which are significant within the youthful eye. Similar findings are 
also evident within presbyopic eyes, but were insignificant. Importantly, the forward 
movement of the muscle as indicated by CM25, CM50, CM75 and the contractile 
shortening, may have a greater role for eliciting high accommodative amplitudes.  
Moreover, although pilocarpine produced a contraction of the ciliary muscle, the 
amplitude of accommodation was less than under physiological conditions, suggesting 
the agent is unlikely to be a super-stimulus for accommodation.  
 
5.5. Summary 
 
 The study investigated whether pilocarpine is a super-stimulus for 
accommodation by investigating the effect of the parasympathomimetic agent 
on the ciliary muscle in-vivo within pre-presbyopic and presbyopic eyes 
 Furthermore, data from a sub-group of participants were used for comparison to 
data from Chapter 4, to further identify which regions within the ciliary muscle 
have a role in accommodation 
 The main findings were: 
o The accommodative responses were less with pilocarpine compared to 
physiological accommodation, suggesting pilocarpine is not a super-
stimulus for accommodation 
o Pilocarpine produced a significant decrease in thickness at CMT3 and a 
statistically significant increase in thickness at CM25 and CM50 within 
the pre-presbyopic cohort 
o There was a significant increase in maximum thickness within the 
anterior ciliary muscle 10 minutes post-instillation of pilocarpine within 
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the pre-presbyopic cohort. There was a subsequent gradual decrease in 
thickness 
o There was a significant decrease in anterior length, SS-IA and 
contractile shortening in the pre-presbyopic cohort post-instillation of 
pilocarpine 
o The findings of an anterior thickening and contractile shortening of the 
ciliary muscle post-instillation of pilocarpine was also evident for the 
presbyopic cohort although the findings were not significant  
 The results suggest: 
o Increased thickening at CM25, CM50 and CM75 as well as the 
contractile shortening of the muscle are likely to have a significant role in 
accommodation  
o Consequently, forward movement of the ciliary muscle possibly allows 
for greater accommodative responses to be elicited than centripetal 
movement alone 
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Chapter 6. In-vivo investigation of the alteration to the ciliary muscle 
morphology within the horizontal and vertical meridians in relation to 
accommodation and ametropia 
 
6.1. Introduction 
 
In-vivo investigations of the human ciliary muscle using high-resolution instrumentation 
have revealed a sectorial contraction of the muscle during accommodation: regions 
within the anterior portion of the muscle thicken, and areas within the posterior region 
of the muscle thin (Sheppard and Davies, 2010b; Lewis et al., 2012; Lossing et al., 
2012; Richdale et al., 2013; Shao et al., 2013). 
 
Several in-vitro studies have examined the ultrastructure of the muscle and the 
relationship with accommodation, yet, few studies have reported the orientation of the 
muscle investigated. Tamm and colleagues (1992b) analysed the ciliary muscle within 
the horizontal and vertical meridians to determine age related changes, but found no 
significant differences in morphology between the orientations, therefore reported 
collated data.  
 
Considering the accommodative triad consists of convergence, investigations of the 
ciliary muscle have generally been restricted to the horizontal meridian. A nasal-
temporal asymmetry of the muscle has been identified in humans (Sheppard and 
Davies, 2010b) and rhesus monkeys (Glasser et al., 2001; Croft et al., 2006a), 
therefore, indicating variation in the ciliary muscle morphology exists depending on 
orientation. Such findings are unsurprising considering there is asymmetry within ocular 
shape (Singh et al., 2006) and peripheral refraction measurements (Charman and 
Radhakrishnan, 2010) between horizontal and vertical meridians as well as within 
either meridian (see Chapter 1, section 1.5). Furthermore, the eye is not a spherical 
ocular shape but is longer in the anteroposterior direction and equatorially compared to 
height (Bron et al., 1997). In addition, myopic eyes show a greater stretch in the 
horizontal meridian compared to the vertical (Singh et al., 2006), thus producing a 
prolate eye. Furthermore, a recent study documented a greater elongation of the pupil 
diameter and the posterior lens capsular surface within the vertical meridian during 
accommodation, as determined with an extended scan depth optical coherence 
tomographer (Leng et al., 2014). Therefore, if asymmetry exists within the biometric 
architecture of the accommodative apparatus and the ocular shape, could there also be 
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a variation within the ciliary muscle dimensions as well as the magnitude of contraction 
during accommodation, depending on the muscle orientation?  
 
There is a significant interest between the association of ciliary muscle and refractive 
error development. Van Alphen reported the ciliary muscle stretched with ocular growth 
and suggested a thinner muscle would be present in eyes undergoing axial elongation 
(1986). However, recent studies using ultrasound biomicroscopy suggest the ciliary 
body is thicker in eyes with the greater myopic refractive error (Oliveira et al., 2005; 
Muftuoglu et al., 2009), particularly within the posterior locations of the ciliary body. 
Consequently, these reports indicate a positive correlation between the ciliary body 
thickness at 2 mm and 3 mm posterior to the scleral spur, and axial length (Oliveria et 
al., 2005). The thicker measurements at the posterior locations of the muscle have also 
been identified in children (Bailey et al., 2008), although a study in young adults 
suggest the overall ciliary muscle length and the anterior length is longer in eyes with 
greater axial lengths, but the muscle is not necessarily thicker (Sheppard and Davies, 
2010b). Interestingly ocular volume is a better predictor of ciliary muscle thickness as a 
greater correlation has been reported in comparison to axial length (Buckhurst et al., 
2013). 
 
Further analysis of the relationship between ciliary muscle thickness and refractive 
error suggests differences exist between refractive groups. A thicker posterior ciliary 
muscle has been documented for high myopic refractive errors and a thicker anterior 
ciliary muscle in hyperopic refractive errors; the thicker apical region in hyperopic eyes 
may result from the greater workload expected in hyperopic eyes, as is known to occur 
within skeletal muscle during exercise (Pucker et al., 2013). Also, gender differences 
have been reported, with females having a greater thickness within the anterior ciliary 
muscle (Pucker et al., 2013). An association between ciliary body thickness and 
accommodative microfluctuations suggests a thicker ciliary body may stabilize the high 
frequency portion of the accommodative response (Schultz et al., 2009).  
 
Overall, the ciliary muscle has been investigated in relation to accommodation and 
refractive error, yet, studies have mostly identified the alteration of the muscle in one 
quadrant, specifically within the horizontal meridian. An asymmetry of the muscle has 
been identified within the horizontal meridian during accommodation, therefore, 
although the ciliary muscle is a sphincter, the morphology and contraction of the 
muscle is not symmetrical. Consequently, establishing the muscular changes within the 
vertical meridian may identify similarities and differences between the horizontal and 
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vertical quadrants that could enhance our understanding of the changes which occur to 
the muscle during accommodation. 
 
The aim of this study was to investigate the alteration to the ciliary muscle thickness 
and length during accommodation at four locations: temporal, nasal, inferior and 
superior quadrants. The results were also analysed in relation to ametropia to provide 
further insight into the relationship of ciliary muscle morphology with axial length in 
emmetropic and myopic refractive groups.   
6.2. Methods 
 
The study was conducted in accordance to the tenets of the Declaration of Helsinki. 
Written and verbal information was provided to participants before they provided written 
consent for their participation. A favourable opinion was provided by Aston University 
Research Ethics Committee before the study commenced.  
6.2.1. Sample size  
 
The number of participants required for this study were calculated from a statistical 
power test using G*power (version 3.1.9.2; Universitat Kiel, Germany). In order to 
measure a medium effect size (f=0.25), based on a within-between subject ANOVA 
design and a desired statistical power (1-β) of 95% with an error probability (α) of 0.05, 
at least 24 participants were required.  
6.2.2. Participants 
 
Volunteers were recruited from the optometry undergraduate cohort through email 
announcements.  
 
Inclusion criteria 
Participants were invited to answer questions relating to their refractive history, ocular 
history and general health. Healthy participants were recruited with no history of ocular 
injury or surgery, no ocular pathology and no general health concerns. Exclusion 
criteria included participants who had an ocular or systemic disease, participants who 
had an ocular injury, ocular trauma or ocular surgery which affected the cornea, lens or 
ciliary apparatus and astigmatism greater than 1.00 DC. Volunteers who were 
amblyopic or had a binocular vision condition were also excluded from the study.  
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Visual acuity 
The visual acuity was determined as decribed in Chapter 3, section 3.2.2. 
 
Refractive error 
The monocular refractive error was measured with the Grand Seiko WAM 5500 
autorefractor from each eye (Sheppard and Davies, 2010a), whilst the contralateral eye 
was occluded with an eye patch. Subjects viewed a Maltese cross target (average 
target luminance and Michelson contrast was 34.0 cd/m2 and 82%, respectively) within 
a Badal lens system. The Badal lens system consisted of a +5.00 D full aperture trial 
lens with a Maltese cross target placed at the focal point of the lens (20 cm) allowing a 
measure of the refractive error at 0 D of accommodation. The constant angular 
subtense of the Maltese cross target was 6.8˚ horizontally and vertically. Participants 
were classified as emmetropic if the MSE was within the range -0.50 to +0.75 DS and 
myopic if the MSE was less than -1.00 D.  
6.2.3. Procedure 
 
Accommodative response determined with Grand Seiko WAM 5500 
The health of the anterior eye was examined of the myopic participants with a slit lamp 
prior to the correction of the refractive error with a spherical daily soft contact lens 
(Nelfilcon A, Alcon; water content 69%) to render participants functionally emmetropic. 
After the contact lens was inserted, a settling time of five minutes was allowed. The 
contralateral eye was occluded with a patch and an over-refraction was performed with 
the Grand Seiko WAM 5500 autorefractor whilst the participant viewed an external 
fixation target within a Badal lens system. The over-refraction results were within ±0.50 
DS for all subjects. Subsequently, the monocular objective accommodative response of 
the right eye for the three demand levels (0.17 D, 4 D and 8 D) was determined for all 
emmetropic and myopic individuals as the subjects viewed a Maltese cross target in 
free space. Three measurements were taken at each position and a final overall result 
was provided by the autorefractor, which was recorded. The order of the 
measurements for the accommodative response was randomised. 
 
Visante AS-OCT 
Ciliary muscle images were acquired from the right eye with the Visante AS-OCT (Carl 
Zeiss, Meditec). Images were obtained for the nasal, temporal, inferior and superior 
quadrants. The myopic participants remained functionally emmetropic with the contact 
lens in-situ. To obtain images from the right eye, the participant placed their chin on the 
left side of the chin rest and forehead against the forehead rest, with the contralateral 
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eye occluded with a patch. The AS-OCT was setup as described in Chapter 4, section 
4.2.3.  
 
To image the full length of the nasal and temporal ciliary muscle, the participant viewed 
a Maltese cross target within a bespoke Badal lens system consisting of a +10 D lens, 
as shown in Figure 6-1.   
 
 
Figure 6-1. The rig consisted of a Badal lens system with a +10 D lens and a Maltese 
Cross target. The rig was placed at a 40˚ angle to the instrument in order to image the 
ciliary muscle.   
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Figure 6-2. The temporal ciliary muscle of the right eye was imaged on adduction as 
the participant viewed a Maltese Cross target within a Badal lens system. 
 
To acquire images of the ciliary muscle in the vertical plane, an external rig with a 
Badal lens system consisting of a +10 D lens, a beam splitter and a Maltese cross 
target was used. The beam splitter was positioned at 45˚ to reflect the target, as shown 
in Figure 6-3. The participant was able to view the Maltese cross when they looked 
upwards and the scanning plane was adjusted to 90˚ to capture the inferior ciliary 
muscle image. For some participants, the lower lid hindered the image of the ciliary 
muscle, therefore, the lid was held down during image acquisition. To image the 
superior ciliary muscle, the rig was adjusted so the arm was positioned inferiorly as 
shown in Figure 6-4, allowing the participant to look down to view the target, and the 
upper lid was held open. Again the scanning plane was positioned to 90˚. The angular 
subtense of the Maltese Cross was 5.8° and contrast was 90%.  
 
170 
 
 
Figure 6-3. The rig was placed to the side of the AS-OCT and the arm adjusted to 
enable imaging of the inferior muscle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-4. The rig was placed to the side of the AS-OCT and the arm adjusted in 
order for the participant to view the Maltese cross within the Badal lens system as they 
looked down, allowing image acquisition of the superior ciliary muscle. 
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Several consecutive images were obtained and overall three images which clearly 
depicted the full length of the ciliary muscle, were saved for each accommodative 
demand level within the four quadrants of the ciliary muscle. Images were randomised 
in respect to accommodative demand level and quadrant.  
 
The images were coded to ensure the examiner analysing the images was masked to 
the refractive error, ciliary muscle quadrant and the accommodative demand level.  
After ciliary muscle image acquisition, the contact lens was removed from the myopic 
participants and the axial length was measured with the IOLMaster (Zeiss).  
 
Axial length 
On-axis axial eye length measurements were obtained from the right eye (contralateral 
eye occluded with a patch) with the Zeiss IOLMaster with relaxed accommodation 
(0.17 D) and at the 8 D accommodative demand level. A metal frame was placed 
around the forehead/chin rest of the IOLMaster to which a badal rig system was 
attached using the same setup as described by Mallen and Kashyap (2007). The rig 
consisted of a badal optometer, a high contrast Maltese target which was illuminated 
by an LED light and a beamsplitter (50% transmission/ 50% reflection). The power of 
the badal lens was +20.8 D (Edmund Optics). The rig was attached to the top of the 
metal frame mount so measurements could be obtained for the axial length. The rig 
was adjusted to ensure the Maltese cross target within the rig was aligned with the 
pupil centre of the right eye, which was confirmed when the patient reported the beam 
from the IOLMaster coincided with the Maltese cross target. The target was reflected 
onto the beam splitter and placed at the far point by using a push-up method: the Badal 
lens was slowly moved down towards the beam splitter until the subject reported the 
Maltese cross target appeared clear. It was then moved away from the beam splitter 
until the subject reported it first became blurred and then moved towards the beam 
splitter until the subject reported it appeared clear again; this ensured there was no 
accommodation at the far point confirming accommodation was relaxed. Five 
measurements were obtained for 0 D and 8 D accommodative demand level.  
6.2.4. Analysis software 
 
Ciliary muscle images 
The ciliary muscle data was analysed using the semi-automated software as described 
in Chapter 2.  
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6.2.5. Axial length error during accommodation 
 
The IOLMaster uses a refractive index of 1.3549 to convert the optical path length to a 
geometric path length for the wavelength used by the instrument (780 nm). However, 
during accommodation, the crystalline lens thickness increases and the optical path 
length calculated is consequently overestimated. Therefore, the error to the axial length 
induced for each individual has to be calculated, in order to determine the change to 
the length with accommodation. Atchison and Smith (2004b) used the Gullstrand no. 1 
(exact) eye and assumed the vitreous chamber depth remains unchanged with 
accommodation. Thus, the authors reported an error of 18 µm to the axial length for a 
10 D accommodative stimulus. In our study, in order to calculate the error associated 
with the axial length during accommodation, the change to the crystalline lens 
thickness and anterior chamber depth were required for each participant. Thus, the 
lens thickness and anterior chamber depth for each demand level have been 
calculated based on the equations provided by Norrby (2005) (equation 1.0 and 1.1, 
respectively). In equation 1.0 and 1.1, A represents the age in years and D refers to the 
accommodative stimulus level. A homogenous refractive index for the crystalline lens 
was used (n=1.413) based on the Gullstrand simplified schematic eye, whereas the 
refractive indices for corneal thickness (CT), anterior chamber depth (ACD) and 
vitreous chamber depth (VCD) was used from Gullstrands exact schematic eye 
(Atchison and Smith, 2004b). Since the vitreous chamber depth is assumed to remain 
unaltered during accommodation, the baseline axial length was subtracted from the 
sum of the CT, ACD and LT for each of the accommodative demand levels to 
determine the vitreous chamber depth at each demand level. The average refractive 
index of the eye (nave; equation 1.4) was determined by using the disaccommodated 
values for each of the biometric parameters, since the overall alteration to the refractive 
index of the eye during accommodation is still not fully understood. The error induced 
from the axial length could be obtained and subtracted from the axial length measured 
during each accommodative stimulus level, to obtain the corrected axial length 
measurements.  
 
LT = 2.93 + 0.0236A+ D (0.058 – 0.0005 A)                                                               1.0 
ACD= 3.87– 0.010*age – D (0.048-0.0004 A)                                                             1.1                                                       
 
VCD= AL-CT-ACD-LT                                                                                                  1.2 
 
OPL = (CT X 1.376) + (ACD x 1.336) + (LT x 1.413) + (VCD x 1.336)                        1.3 
 
173 
 
nave = [(CT/AXL) x 1.376] + [(ACD/AXL) x 1.336] + [(LT/AXL) x 1.413] + [(VCD/AXL) x 
1.336]                                                                                                                           1.4                  
 
E = (OPL/ nave) – AXL disaccommodated                                                                                                                            1.5 
 
AXL corrected = AXL accommodated – E                                                                                              1.6 
 
6.2.6. Statistical analysis 
 
A Shapiro-Wilk test (SPSS Statistics 21; SPSS Inc., Illinois, USA) revealed normal 
distribution of the data for the axial length at relaxed accommodation and for the 8 D 
accommodative demand level. The ciliary muscle parameters also exhibited normal 
distribution for both accommodative demand levels. Therefore, assumptions of 
normality and homogeneity of variance were met. In order to determine the relationship 
between the axial length and the ciliary muscle parameters for each quadrant 
investigated, separate linear regression analyses were determined. A repeated 
measures analysis of variance (ANOVA) was performed with two within subject factors 
(i.e. accommodation and quadrant) to determine the effect of quadrant and 
accommodation, as well as the interaction between both factors on the ciliary muscle 
parameter. There was non-sphericity for the interaction term as assessed with 
Mauchley’s test of sphericity (p<0.05), therefore, Greenhouse Geisser results are 
reported. Post-hoc comparisons were determined using Bonferroni correction. The 
effect of refractive error on the ciliary muscle parameters was determined by a within-
between ANOVA.  
6.3. Results 
 
To allow for data attrition resulting from poor quality images which would affect the 
detection of the ciliary muscle edge and the posterior visible limit of the images 
acquired with AS-OCT, 40 participants were recruited (MSE -1.66 D (SD 1.93)) with a 
mean age of 20.7 years (SD 2.1). The cohort consisted of 18 emmetropes (MSE -0.21 
D (SD 0.52), age 20.4 years (SD 1.5)) and 22 myopes (MSE -2.85 D (SD 0.90), age 
21.0 years (SD 2.4)). 
 
Figure 6-5 A shows the correlation between axial length and refractive error for the 
cohort within this study, and as expected, the refractive error decreases with increasing 
axial length. The average refractive error and axial length for all 40 participants was -
1.66 D (SE 0.30) and 24.18 mm (SE 0.14), respectively. For the emmetropic 
participants, the average refractive error was -0.21 D (SE 0.09) and average axial 
length 23.71 mm (SE 0.22). The myopic participants had a mean refractive error of -
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2.85 D (SE 0.40) and average axial length of 24.57 mm (SE 0.15). The frequency 
distribution of the axial lengths are represented in Figure 6-5 B for emmetropes and 
Figure 6-5 C for myopes. It is evident there is an overlap of axial lengths between the 
different refractive groups. The assumption of homogeneity of variances were met, for 
the average axial lengths between emmetropes and myopes, as assessed by Levene’s 
test for equality of variances (p= 0.065). An independent sample t-test revealed a 
statistically significant difference in the axial length at baseline between the emmetropic 
and myopic participants (t-3.218, p= 0.002).  
 
Figure 6-6 and Figure 6.7 shows results for the analysed ciliary muscle parameters 
during relaxed accommodation and 8 D accommodative demand. The ciliary muscle 
thickness and length varied across the different quadrants. On average, for relaxed 
accommodation, the inferior ciliary muscle was thickest (CMMax 0.62 mm (SE 0.01)). 
The temporal ciliary muscle was the longest (CMLength arc 4.99 mm (SE 0.08)) and 
the nasal ciliary muscle was the shortest (CMLength arc 4.44 mm (SE 0.07)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
175 
 
Axial length (mm)
21 22 23 24 25 26 27
M
e
a
n
 S
p
h
e
r i
c
a
l 
E
q
u
iv
a
le
n
t  
re
fr
a
c
ti
v
e
 e
rr
o
r 
(D
)
-10
-8
-6
-4
-2
0
2
    Axial Length (mm)
22.0 22.5 23.0 23.5 24.0 24.5 25.0 25.5
F
re
q
u
e
n
c
y
 
0
1
2
3
4
5
   Axial length (mm)
23.5 24.0 24.5 25.0 25.5 26.0 26.5
F
re
q
u
e
n
c
y
0
2
4
6
8
10
 
 
 
 
 
 
 
 
 
 
 
 
 
r= 0.602, r2= 0.363, p< 0.001 
 
Table 6-1. 
Histogram 
representing the 
frequency 
distribution of the 
axial length of 
myopes.r= 0.602, r2= 
0.363, p< 0.001 
 
r= 0.602, r2= 0.363, p< 0.001 
 
Table 6-2. 
Histogram 
representing the 
frequency 
distribution of the 
axial length of 
myopes.r= 0.602, r2= 
0.363, p< 0.001 
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Figure 6-5. A. The correlation between axial length and refractive error for the cohort of participants included in the study. B Histogram 
representing the frequency distribution of the axial length of emmetropes. C Histogram representing the frequency distribution of the axial 
length of myopes. 
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6.3.1. Correlation between ciliary muscle parameters and axial length  
 
During relaxed accommodation, there was a positive correlation of ciliary muscle length 
arc (CMLength Arc) with increasing axial length as shown in Figure 6-6 A, which was 
statistically significant for the temporal (r= 0.510, r2 = 0.261, p< 0.001), nasal (r= 0.506, 
r2 = 0.256, p< 0.001) and superior (r= 0.442, r2 =0.195, p= 0.004) quadrants, as shown 
in Table 6-1. Interestingly, the length of the inferior ciliary muscle did not vary with 
increasing axial length (r = 0.019, r2 = 0.00035, p= 0.91).  
 
 
Table 6-1. The correlation between axial length and ciliary muscle parameter, during 
relaxed accommodation, as determined from linear regression analysis. The values in 
bold represent a statistically significant correlation.   
 
As shown in Figure 6-6 B, there is an increase of the ciliary muscle thickness 2 mm 
posterior to the scleral spur (CMT2), for the temporal (r= 0.452, r2 = 0.20, p= 0.003) and 
nasal (r= 0.527, r2 = 0.28, p< 0.001) quadrants. Although the superior muscle thickness 
increased as the axial length became longer, the correlation was not significant (r= 
0.300, r2 = 0.09, p= 0.06). The inferior muscle thickness within this anterior location 
remained relatively constant with increasing axial length (average 0.41 mm (SE 0.01); 
r= 0.014, r2 = 0.0002, p= 0.93).  
CM parameter 
(µm) 
Temporal Nasal Inferior Superior 
CMLENGTH 
ARC 
r = 0.510 r = 0.506 r = 0.019 r = 0.442 
CMT1 r= 0.212 r= 0.578 r= 0.089 r= 0.166 
CMT2 r = 0.452 r = 0.527 r= 0.014 r = 0.300 
CMT3 r= 0.610 r= 0.542 r= 0.031 r= 0.365 
CM25 r = 0.022 r = 0.27 r = 0.046 r = 0.080 
CM50 r = 0.080 r = 0.055 r = 0.040 r = 0.031 
CM75 r = 0.236 r = 0.064 r = 0.097 r = 0.045 
CMMAX r = 0.127 r = 0.448 r = 0.043 r = 0.124 
SS-IA r = 0.366 r = 0.522 r = 0.135 r = 0.202 
ANTERIOR 
LENGTH 
r = 0.364 r = 0.451 r = 0.134 r = 0.191 
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Figure 6-6. The correlation between axial length and A: ciliary muscle length (CM Length Arc), B: CMT2, C: CM25 D: CM50 
for the four ciliary muscle quadrants during relaxed accommodation. 
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n between axial length and A: CM75, B: anterior length, C: maximum ciliary muscle thickness, D: scleral spur to inner apex for the four ciliary 
muscle quadrants during relaxed accommodation.  
 
 
 
 
Table 6-5. The correlation between axial length and A: CM75, B: anterior length, C: maximum ciliary muscle thickness, D: scleral spur to inner 
Figure 6-7. The correlation between axial length and A: CM75, B: anterior length, C: maximum ciliary muscle thickness, D: scleral spur to inner 
apex for the four ciliary muscle quadrants during relaxed accommodation. 
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The region representing the thickness at 25% of the ciliary muscle length (CM25) 
varied depending on the quadrant. There was an increase in thickness for the nasal 
quadrant as axial length increased (r= 0.268, r2= 0.071, p= 0.09), whereas the inferior 
muscle remained relatively stable (inferior: r= 0.046, r2= 0.0021, p= 0.78). There was a 
minimal insignificant negative correlation between the temporal and superior quadrants 
with increasing axial length (temporal: r= 0.023, r2= 0.0005, p= 0.89; superior r= 0.08, 
r2= 0.0064, p= 0.62) as shown in Figure 6-6 C.  
 
Furthermore, the thickness at CM50 was independent of axial length for the temporal, 
inferior and superior quadrants, whereas for CM75 there was an indication for the 
temporal muscle to thicken as axial length increased (r= 0.236, r2=0.056, p= 0.14). 
Also, during relaxed accommodation, the anterior length comprised 23%, 23.8%, 
24.8% and 23.8% of the total ciliary muscle length for the temporal, nasal, inferior and 
superior muscle, respectively. The anterior length increased for all four quadrants as 
axial length elongated as shown in Figure 6-7 B, which was only significant for the 
horizontal meridian (temporal: r= 0.364, r2= 0.13, p= 0.02; nasal: r= 0.45, r2= 0.20, p= 
0.003).  
 
There was a significant positive correlation for the maximum ciliary muscle thickness 
(CMMax) within the nasal quadrant with increasing axial length (r= 0.448, r2= 0.20, 
p=0.04) as shown in Figure 6-7 C. For the inferior quadrant, CMMax was not 
dependent on axial length (r= 0.043, r2= 0.0016, p= 0.79), whereas the temporal and 
superior muscle showed a minimal positive correlation (temporal r= 0.127, r2= 0.017, 
p= 0.43; superior: r= 0.124, r2= 0.014, p= 0.45). The results for CMMax, CM25 and 
CMT2 together refer to the anterior portion of the ciliary muscle and although there was 
a positive correlation between the thicknesses in each of these parameters as a 
function of axial length within the nasal quadrant, the posterior locations of the muscle 
were invariant with axial length (CM50: r= 0.0552, r2=0.00305, p= 0.74; CM75: r= 
0.064, r2=0.0041, p= 0.70). A statistically significant increase for SS-IA occurred for the 
nasal (r= 0.52, r2 = 0.27, p <0.001) and temporal (r= 0.127, r2= 0.016, p= 0.02) 
quadrants.  
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6.3.2. Alteration to ciliary muscle morphology with accommodation 
 
During accommodation, there was a contractile shortening of the ciliary muscle which 
was greatest for the temporal (average reduction CMLength arc 210.9 µm (SE 57.3)) 
and inferior quadrant (average reduction CMLength arc 207.9 µm (SE 104.5)), with 
minimal shortening occurring within the nasal quadrant (average reduction CMLength 
arc 76.2 µm (SE 46.1)), as seen in Figure 6-8 A. The contractile shortening of the 
ciliary muscle length arc was dependent on accommodation (accommodation F18.62, p= 
0.000) and quadrant (quadrant F19.68, p= 0.000). Post-hoc comparisons using 
Bonferroni correction revealed the reduction to the ciliary muscle length arc was 
statistically significant in the temporal quadrant compared to the nasal (mean difference 
47.9 µm (SE 0.047)) and superior (mean difference 23.3 µm (SE 55.0)), whereas the 
inferior length arc significantly reduced compared to the nasal quadrant (mean 
difference 41.0 µm (SE 6.8)). There was no significant interaction between quadrant 
and accommodation to the length of the muscle (F0.860, p= 0.46). Figure 6-10 A shows 
the change to the ciliary muscle length arc with accommodation as a function of axial 
length. Although the overall reduction to the ciliary muscle length occurred for all four 
quadrants during accommodation, the change between the maximum and relaxed 
accommodative demand level reduced within the inferior muscle for axial lengths 
greater than 25.27 mm. 
 
The location representing 2 mm posterior to the scleral spur (CMT2) was analysed due 
to the possibility of the region acting as a fulcrum during accommodation (Lewis et al., 
2012). On average, there was a thinning of CMT2 during accommodation within the 
temporal (mean reduction 16.6 µm (SE 5.3)), nasal (mean reduction 6.0 µm (SE 6.7)) 
and superior quadrants (mean reduction 15.0 µm (SE 6.6)), whereas the inferior 
quadrant thickened (mean 11.0 µm (SE 11.0)), as seen in Figure 6-8 B. The thickness 
within the region was dependent on quadrant (F66.01, p= 0.000) but not accommodation 
(F3.86, p= 0.06). Post-hoc comparisons revealed the mean differences in quadrants 
were only statistically significant for the temporal when compared to the nasal (mean 
difference 38.0 µm (SE 5.0)) and inferior (mean difference -62.0 µm (SE 8.0)), but not 
when compared to the superior aspect (mean difference 9.0 µm (SE 7.0)). There was 
no significant interaction between quadrant and accommodation (F2.52, p= 0.06). Figure 
6-10 B also shows the change to CMT2 with accommodation for all quadrants as axial 
length increases. Within the inferior muscle, the thinning at CMT2 reduced with axial 
lengths greater than 23.45 mm (r= 0.20, r2= 0.04, p= 0.22).   
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CM25 thickened with accommodation within the nasal and inferior quadrant, whereas 
the temporal and superior quadrants remained invariant with accommodation, as seen 
in Figure 6-8 C. The thickness was dependent on accommodation (F10.13, p= 0.003) 
and quadrant (F49.67, p= 0.000). Post-hoc pairwise comparisons revealed the mean 
differences to the thickness were significant for the inferior muscle when compared to 
the temporal (mean difference 50 µm (SE 6.0)), nasal (mean difference 52.0 µmm (SE 
6.0)) and superior quadrants (mean difference 53.0 µm (SE 5.0)). There was also a 
significant interaction between quadrant and accommodation for CM25 (F3.13, p= 0.03). 
Figure 6-10 C shows the change in CM25 in relation to axial length. As axial length 
increased, there was a negative correlation for CM25 with accommodation for the 
inferior (r= 0.112, r2 = 0.012, p= 0.49) and nasal (r= 0.24, r2= 0.06, p= 0.14) quadrants, 
indicating less thickening occurred, whereas the temporal (r= 0.03, r2= 0.0006, p= 0.89) 
and superior (r= 0.021, r2= 0.0004, p= 0.90) quadrants had a relatively constant 
thickening irrespective of axial length.  
 
As shown in Figure 6-8 C, the only quadrant which altered in thickness at CM50 with 
accommodation was the inferior. The effect of accommodation was invariant on ciliary 
muscle thickness at CM50 (F2.65, p= 0.11), however, the ciliary muscle thickness 
significantly varied depending on quadrant (F67.55, p= 0.000). Pairwise comparisons 
revealed significant differences for the means between the inferior quadrant when 
compared to the remaining quadrants. There was a significant interaction between 
quadrant and accommodation for CM50 (F3.64, p= 0.02). There was no significant 
correlation between axial length and change in CM50 with accommodation for the 
temporal (r= 0.050, r2= 0.0025, p= 0.76), nasal (r= 0.07, r2= 0.0049, p= 0.67), inferior 
(r= 0.069, r2= 0.0048, p= 0.67) or superior (r= 0.16, r2= 0.025, p= 0.329) quadrants.  
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Figure 6-8. Box and whisker plots showing the thickness of the ciliary muscle at temporal (T), nasal (N), inferior (I) and superior (S) 
orientations for 0 D and 8 D accommodative demand levels.  
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Figure 6-9. Box and whisker plots showing the ciliary muscle parameter at temporal (T), nasal (N), inferior (I) and superior (S) orientations 
for 0 D and 8 D accommodative demand levels.  
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Figure 6-10. The correlation between axial length and A: ciliary muscle length (CM Length Arc), B: CMT2, C: CM25 D: CM50 
for the four ciliary muscle quadrants between 8 D and 0 D demand level. 
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As seen in Figure 6-9 A, the thickness at the posterior region of the ciliary muscle 
(CM75) slightly reduced with accommodation in the temporal and superior quadrants, 
but increased in thickness within the inferior quadrant. There was no significant effect 
of accommodation (F0.16, p= 0.691) on the thickness, although there was a statistically 
significant effect of quadrant (F54.35, p= 0.69), notably the inferior quadrant when 
compared to the remaining orientations. The interaction between quadrant and 
accommodation were not significant (F2.10, p= 0.11). Furthermore, with increasing axial 
length, the temporal (r= 0.15, r2= 0.023, p= 0.34), superior (r= 0.11, r2= 0.011, p= 0.51) 
and inferior (r= 0.13, r2= 0.018, p= 0.41) quadrants reduced in thickness, whereas the 
nasal quadrant became thicker (r= 0.12, r2= 0.014, p= 0.47), although the correlations 
were not significant (see Figure 6-11 A). 
 
On average, the ciliary muscle maximum thickness (CMMax) increased during 
accommodation for the temporal, nasal and inferior quadrants as seen in Figure 6-9 B, 
whereas the superior thickness remained stable. The greatest change occurred for the 
inferior quadrant (relaxed accommodation average 623.0 µm (SE 7.0), maximum 
accommodation average 647.0 µm (SE 6)). The change to the maximum thickness was 
dependent on quadrant (F50.70, p= 0.000). Pairwise comparisons between the mean 
differences for the inferior quadrant with the temporal, nasal and superior revealed 
significant mean differences of 33.0 µm (SE 5.0), 44.0 µm (SE 5.0) and 46.0 µm (SE 
5.0), respectively. CMMax was also influenced by accommodation (F13.84, p= 0.001) 
and there was a significant interaction between quadrant and accommodation (F3.376, 
p= 0.02). As axial length increased, the change to the thickness with accommodation 
within the superior and temporal ciliary muscle became greater although there was no 
significant correlation (temporal: p= 0.49; superior: p= 0.45). However, there was a 
negative correlation for the nasal muscle indicating the muscle becomes thinner 
although not significantly (r= 0.221, r2 = 0.049, p= 0.17). The inferior quadrant remained 
relatively constant (r= 0.036, r2= 0.015, p= 0.45). There was a reduction to the anterior 
length and SS-IA with accommodation for all quadrants. The effect of quadrant and 
accommodation as separate factors were significant on the anterior length (quadrant 
F29.64, p= 0.000; accommodation F38.18, p= 0.000) and SS-IA (quadrant F30.18, p= 0.000; 
accommodation F31.34, p= 0.000), although the interaction between accommodation and 
quadrant was invariant for both parameters. There was a greater reduction to SS-IA 
and anterior length for shorter axial lengths for the inferior quadrant as seen in Figure 
6-11 C and D, respectively.  
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Figure 6-11. The correlation between axial length and A: CM75, B: anterior length, C: maximum ciliary muscle thickness, D: scleral spur 
to inner apex for the four ciliary muscle quadrants between 8 D and 0 D demand level.  
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6.3.3. Refractive error effect on ciliary muscle parameter for each quadrant with 
accommodation 
 
The ciliary muscle parameters for 0 D and 8 D accommodative demand levels for 
emmetropic and myopic groups are depicted in the box and whisker plots (Figure 6-12 
and Figure 6-13) and Table A3-2 in the appendix. The ciliary muscle length arc for 
relaxed accommodation was longer in myopes for the temporal (average 5185.0 µm 
(SE 110.0)), nasal (average 4631.0 µm (SE 70.0)) and superior (average 4939.0 µm 
(SE 92.0)) quadrants, whereas the inferior ciliary muscle was generally slightly longer 
in emmetropes (average 4933.0 mm (SE 132.0)), as seen in Figure 6-12 A. The 
interaction for quadrant and refractive error for the ciliary muscle length arc was 
statistically significant (F3.96, p= 0.02), however, the interaction between 
accommodation and refractive error was insignificant (F0.21, p= 0.65). Furthermore, the 
interaction between accommodation, refractive error and quadrant was not significant 
(F1.13, p= 0.34). 
 
As seen in Figures 6-12 and Figure 6-13, the ciliary muscle thickness (CMT2, CM25, 
CM50, CM75 and CMMax) were invariant between refractive groups, although there 
was a significant interaction between quadrant and refractive error for CMT2 (F5.10, p= 
0.004) and CMMax (F3.52, p= 0.02). There was also a significant interaction between 
quadrant, accommodation and refractive group for CM25 (F3.41, p= 0.02) and CMMax 
(F4.05, p= 0.009). For SS-IA there was a statistically significant between refractive 
groups (F7.203, p= 0.011) but there was no significant interaction between 
accommodation and refractive error (F0.06, p= 0.81), quadrant and refractive error (F1.39, 
p= 0.25) or quadrant, refractive error and accommodation (F1.22, p= 0.31).  Figure 6-13 
D shows the anterior length between refractive groups and during accommodation. 
There was a significant difference in the anterior length between refractive groups 
(F10.24, p= 0.003), but there was no significant interaction of refractive error and 
quadrant (F1.40, p= 0.25), refractive error and accommodation (F0.16, p= 0.70) or 
accommodation, refractive error and quadrant (F0.87, p= 0.46). 
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 Figure 6-12. Box and whisker plots showing A) CMLengthArc, B) CMT2, C) CM25 and D) CM50 during relaxed accommodation (0 D) and 
maximum accommodation (8D) for the temporal (T), nasal (N), inferior (I) and superior (S) ciliary muscle orientations, in emmetropes and 
myopes.  
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 Figure 6-13. Box and whisker plot showing A) CM75, B) CMMax, C) SS-IA and D) anterior length during relaxed accommodation (0 D) and 
maximum accommodation (8D) for the temporal (T), nasal (N), inferior (I) and superior (S) ciliary muscle orientations, in emmetropes and myopes.  
 
Figure 6-13. Box and whisker plot showing A) CM75, B) CMMax, C) SS-IA and D) anterior length during relaxed accommodation (0 D) and 
maximum accommodation (8D) for the temporal (T), nasal (N), inferior (I) and superior (S) ciliary muscle orientations, in emmetropes and myopes.  
A B 
C D 
190 
 
There was a negative correlation between CMT2 and CMT3 and mean spherical 
equivalent for all quadrants except the inferior, during relaxed accommodation, as 
shown in Figure 6-14 A and B, respectively. The results indicate eyes with longer axial 
lengths have a thicker ciliary muscle 2 mm and 3 mm posterior to the scleral spur 
within the nasal, temporal and superior quadrant although the correlation is not 
statistically significant for either quadrant (temporal CMT2: r= 0.208, r2= 0.043, p= 0.20, 
CMT3: r= 0.123, r2= 0.015, p= 0.45; nasal CMT2: r= 0.074, r2= 0.005, p= 0.65, CMT3: 
r=0.155, r2= 0.024, p= 0.34; superior CMT2 r= 0.174, r2= 0.0302, p= 0.284, CMT3 r= 
0.153, r2= 0.024, p= 0.35), whereas shorter eyes have a longer inferior ciliary muscle 
length (CMT2: r= 0.175, r2= 0.031, p= 0.279, CMT3: r= 0.247, r2= 0.061, p= 0.124) 
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Figure 6-14. The correlation between mean spherical equivalent (D) and A: CMT2 (mm) and B: 
CMT3 (mm). 
 
Figure 6-14. The correlation between mean spherical equivalent (D) and A: CMT2 (mm) and B: 
CMT3 (mm). 
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6.4. Discussion 
 
This study reveals for the first time, there is variation to the ciliary muscle morphology 
within the horizontal and vertical meridians, in relation to accommodation and 
ametropia.  
 
Relationship between ciliary muscle morphology, axial length and refractive error 
 
The data from this study indicates that as the axial length increases, ciliary muscle 
length also increases but only within the temporal, nasal and superior quadrants, 
whereas, the inferior muscle length remains invariant with axial elongation. 
Interestingly, anterior ciliary muscle length increases within all four quadrants, however, 
this is only significant for the temporal (r= 0.364, r2= 0.13, p= 0.02) and nasal (r= 0.45, 
r2= 0.20, p= 0.003) quadrants. In addition, CMT2 increases significantly with axial 
length within the temporal and nasal quadrants, and there is a significant positive 
correlation between axial length and the location of maximum thickness (CMMax) 
within the nasal quadrant. Therefore, in accordance with previous research (e.g. 
Oliveira et al., 2005) these data suggest that longer eyes have longer ciliary muscle 
lengths, and there is an anterior thickening of the muscle as the axial length elongates. 
The thickening mainly occurs within the horizontal meridian, specifically, the nasal 
quadrant. Although the superior quadrant also becomes longer, there is a minimal 
alteration to the thickness of the ciliary muscle within the anterior and posterior 
locations. Moreover, the inferior ciliary muscle does not alter with axial elongation and 
remains stable in length and thickness as the axial length becomes greater.  
 
Proportional measurements at CM25, CM50 and CM75 were independent of axial 
length which is in agreement with Sheppard and Davies (2010b), which was evident for 
both the horizontal and vertical meridians of the ciliary muscle. The finding indicates 
the growth of the muscle is restricted to the anterior region of the muscle which is 
evident by the increase in anterior length with axial elongation. The maximum thickness 
only increased within the anterior region for the nasal ciliary muscle, however 
considering the muscle within this quadrant was the thinnest, could explain why these 
findings are more evident compared to the other quadrants, where a similar process 
may also occur especially since an increase in anterior length was also identified. Such 
developmental changes may be due to the difference in vascular supply to the ciliary 
muscle. The anterior ciliary muscle receives blood supply from the major arterial circle, 
whereas the posterior regions are vascularised intramuscular circle of ciliary body 
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(Tamm et al., 1996; Bron et al., 1997), which suggests functional variation within the 
muscle.  
 
Previous studies have only analysed the ciliary muscle parameters from the horizontal 
meridian, i.e. nasal and/ or temporal ciliary muscle. The findings of an increase in 
length for the temporal ciliary muscle in relation to increasing axial length are in 
agreement with previous studies (Sheppard and Davies, 2010b; Jeon et al., 2012). The 
current study revealed the nasal ciliary muscle was thinnest and shortest whilst the 
temporal muscle was the thickest and longest in the unaccommodated eye. The 
asymmetry is in agreement with Sheppard and Davies (2010b) who also used AS-OCT 
to obtain measurements from a cohort with similar axial lengths (24.49 mm (SD 1.13)) 
to those included in this study (24.18 mm (SD 0.91)). However, the authors calculated 
the ciliary muscle length as the horizontal measurement from the scleral spur to the 
posterior visible limit, and although this measurement (CMLength) was determined for 
this study, it was found the average for each quadrant was less than the average for 
the ciliary muscle length arc measurement (CMLength Arc). The measurement of the 
ciliary muscle length along the scleral arc provides a more accurate assessment of the 
length since the scleral curvature varies between individuals (Kao et al., 2011).  
 
Comparing CMLength measurements obtained from this study with those found by 
Sheppard and Davies (2010b) reveals their average nasal ciliary muscle length were 
longer (4.630 mm (SD 0.470)) than in this study (4.408 mm (SD 0.401)) and temporal 
length shorter (4.810 mm (SD 0.690)) than found for this study (4.924 mm (SD 0.501)). 
In contrast, Jeon et al (2012) used ultrasound biomicroscopy (UBM) to determine the 
ciliary muscle length as measured along the ciliary muscle length arc on the scleral and 
vitreous side of the temporal muscle. Comparing the temporal measurements of the 
ciliary muscle along the scleral boundary of Jeon and colleagues (2012) to our 
CMLength Arc measures reveals longer lengths obtained with UBM (5.519 mm (SD 
0.446)) compared to this study (4.987 mm (SE 0.081)). The possible underestimation 
of the ciliary muscle length found in this study could be attributed to the lack of visibility 
of the posterior zonular fibres with AS-OCT, which is identifiable with ultrasound 
biomicroscopy allowing better identification of the posterior limit of the ciliary muscle. 
Also, Jeon and colleagues recruited participants with higher myopic refractive errors (-
3.10 D (SD 2.56)) in comparison to this study (MSE -1.66 D (SD 1.93)), which may 
explain the longer average ciliary muscle lengths reported.  
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A thicker ciliary body at 2 mm and 3 mm posterior to the scleral spur has been reported 
in myopic eyes (Oliveira et al., 2005; Bailey et al., 2008; Pucker et al., 2013). Oliveira et 
al (2005) evaluated the temporal ciliary body thickness in 75 eyes (mean age 51.8 
years (SD 16.5), average axial length 23.2 ± 2.5 mm)) with UBM and reported 
thickness measurements at 2 mm (CBT2) and 3 mm (CBT3) posterior to the scleral 
spur during relaxed accommodation. Myopes had a significantly greater thickness at 
CBT2 in comparison to emmetropes (myopes: 490 µm (SD 115); emmetropes: 362 µm 
(SD 53)) and at CBT3 (myopes: 315 µm (SD 79); emmetropes: 247 µm (SD 49)), a 
finding which has also been documented for this study. However, for this study the 
magnitude of difference between emmetropes and myopes was smaller in comparison 
to those of Oliveira and colleagues (2005). The differences could be attributed to the 
presbyopic cohort recruited by Oliveira and colleagues as an anteroposterior ciliary 
muscle thickening is known to occur with increasing age (Strenk et al., 2010). 
Furthermore, the cohort consisted of participants with pathological conditions such as 
narrow angles and primary open angle glaucoma, which alter the ciliary body thickness 
in comparison to normals: a thinner ciliary body has been reported in eyes with narrow 
angles (Gohdo et al., 2000) and a thicker ciliary body for glaucoma patients using 
latanoprost (Marchini et al., 2003). The confounding effect of pathology on the ciliary 
body thickness may, therefore, have influenced the results. Also, it is unclear how the 
ciliary body data were quantified and the refractive index correction provided to the 
images. Overall, the present study showed a positive correlation for the thickness at 
the temporal ciliary muscle at CMT2 and CMT3 with axial length, which is in agreement 
with Oliveira et al (2005).  
 
Muftuoglu et al (2009) also evaluated the temporal ciliary body thickness using 
ultrasound biomicroscopy within a highly myopic cohort (mean age 28.4 ± 10.4 years, 
average axial length 27.24 ± 1.52 mm). Using the in-built calipers, the thickness 
measurements were taken from the location of maximum thickness and the results 
indicated ciliary body thickness (CBT) and ciliary muscle thickness (CMT) were 
greatest in eyes with longer axial lengths (CBT: 1.350 ± 0.034 mm; CMT 0.698 ± 0.057 
mm), which is in agreement with Jeon et al (2012). It seems myopic eyes have ciliary 
muscles with thicker anterior regions which may contract less during accommodation 
and produce the accommodative lag which could stimulate axial elongation (Jeon et al., 
2012). However, the results from the current study do not reveal any significant 
differences in CMMax between emmetropes and myopes, which may be due to the 
shorter axial lengths included in comparison to Muftuoglu et al (2009). Nevertheless, 
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neither of the authors indicated the refractive indices used to correct for the speed of 
sound through the scleral and ciliary body tissue. 
 
The thickness of the ciliary muscle at CMT2 was negatively correlated with refractive 
error for all quadrants, but positively correlated with axial length for the temporal, nasal 
and superior quadrants only. Therefore, axial length does not seem to be the only 
factor involved for altering ciliary muscle thickness, especially for the inferior quadrant. 
The ciliary muscle is the anterior extension of the choroid, and evidence from studies 
on Macaque monkeys (Hung et al., 2000) and humans (Read et al., 2010b) reveal a 
thinning of the choroid with hyperopic defocus. Therefore, the distribution of tissue 
mass from the choroid to the posterior regions of the ciliary muscle could result in the 
observed ciliary muscle thickness. The crystalline lens thins in childhood (Zadnik et al., 
1995) therefore Muftuoglu and colleagues (2009) suggested the increased zonular 
tension from the lenticular changes could induce choroidal tension resulting in an 
increase to the ciliary muscle thickness.  
  
In-vitro measurement for the ciliary muscle length treated with atropine indicates a 
mean length of 3.87 mm (SD 0.26) for an average age of 49.3 years (Pardue and 
Sivak, 2000) and approximately 4.0 mm for a 30 year old ciliary muscle (Tamm et al., 
1990). The shorter lengths may be due to post-mortem changes to the ciliary muscle. 
However, the comparison of the in-vivo data for the pre-presbyopic cohort within this 
study and the older cohort from the histochemical studies provides support the ciliary 
muscle length decreases with age (Tamm et al., 1990). Furthermore, comparison of the 
ciliary muscle thickness measurements for the pre-presbyopic cohort within this 
present study and the presbyopic cohort recruited by Oliveira et al (2005) show a 
similar regression which is higher than reported for the ciliary body thickness data from 
children (Pucker et al., 2013), suggesting the refractive error for the cohort within the 
adult population recruited for our study is stable. Comparing the ciliary muscle 
thickness of children to the findings within this current study and to those of a 
presbyopic cohort investigated by Oliveira et al (2005) also indicates the ciliary muscle 
thickens with age (Tamm et al., 1992b). 
  
The orbit of the eye possesses four walls which lie within the globe. The globe is flatter 
in the vertical meridian compared to the horizontal (Bron et al., 1997). The orbit of a 
child is rounder, however, the width and height of the orbital wall increases with age 
resulting in a greater width than height in the adult eye (Turvey et al., 2012). The 
dimensions of the ciliary body have been documented by Bron et al (1997) who 
reported a temporal width 7.5 – 8 mm, nasal width 6.5 – 7 mm, superior width 7 mm 
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and inferior width 7 mm within adult eyes. The thinner nasal ciliary muscle correlates 
with the findings from our study, although the overall findings are greater than the 
current study. However, the age range and the location from which the width 
measurements were obtained were not reported by the author. Moreover, the data 
clearly reveal variation within the quadrants of the ciliary muscle as found in the current 
study. The interesting finding from this study is the inferior ciliary muscle does not vary 
in length or thickness with increasing axial length. A possible cause may be because 
the inferior orbit is the shortest (Bron et al., 1997) therefore it may restrict ciliary muscle 
growth with axial elongation. However, it would be of interest to investigate the ratio 
change between the superior and inferior orbital walls in a longitudinal study to provide 
a clearer understanding of the ciliary muscle changes with orbital development. 
Furthermore, the sclera is thicker inferiorly (Buckhurst et al., 2015), which may restrict 
the ability of the muscle to expand with increasing axial length. Also, the thicker 
temporal ciliary muscle may be related to the thicker lateral wall which undergoes 
greater stress than the other aspects of the orbital wall (Bron et al., 1997). 
 
Ciliary muscle and accommodation 
 
This study is the first to quantify the changes in the vertical dimensions of the ciliary 
muscle during accommodation and compare the variation to the horizontal meridian. 
During accommodation, there was a contractile shortening and anterior thickening of 
the ciliary muscle in all quadrants, as well as a reduction to the anterior length and 
distance between the scleral spur and inner apex, indicating a forward and centripetal 
movement of the muscle as a unit. However, the changes to the ciliary muscle 
thickness and length during accommodation were dependent on quadrant. There was a 
significant interaction of quadrant and accommodation within CM25, CM50 and 
CMMax, indicating the accommodative changes to the ciliary muscle are confined to 
the anterior region which is also in agreement with previous studies (Sheppard and 
Davies, 2010b; Lewis et al., 2012; Lossing et al., 2012; Richdale et al., 2013; Shao et 
al., 2013; Ruggeri et al., 2014; Richdale et al., 2015). The anterior region of the muscle 
consists of circular fibres which are known to have a primary function in 
accommodation (Tamm et al., 1996). The forward and inward movement of all 
quadrants of the ciliary muscle as found from this study, indicates a mechanism for 
reducing zonular tension (Atchison, 1995). 
 
Investigation of the temporal ciliary muscle thickness changes with accommodation in 
young adults suggested a thickening of CMTMax from 795.2 µm (SD 65.4) to 868.5 µm 
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(SD 83.3), and CMT1 from 774.8 µm (SD 66.3) to 813. 9 µm (SD 85.8), whereas a 
thinning was found at CMT2 from 557.8 µm (SD 80.8) to 535.5 µm (SD 98.2), and a 
reduction in thickness in CMT3 from 353.7 µm (SD 67.6) to 303.8 µm (SD 70.8) 
(Lossing et al., 2012). These measurements are greater than the unaccommodated 
data from the temporal ciliary muscle in our study where CMMax was 599 µm (SD 
38.7), CMT1 634 µm (SD 44.1), CMT2 449 µm (SD 45.5) and CMT3 was 282 µm (SD 
46.2). However, Lossing et al (2012) appeared to have included the thickness of the 
pigmented ciliary epithelium within the ciliary body results, whereas, only the ciliary 
muscle region was analysed within our current study. Nevertheless, the overall finding 
that the anterior muscle thickness with accommodation is evident for both studies. The 
suggestion that CMT2 is a fulcrum region during accommodation was not evident from 
the results reported here. Generally a reduction in thickness was identified for CMT2 
from this study for the temporal, nasal and superior ciliary muscle quadrant but not the 
inferior which thickened with accommodation.  
 
As the axial length increased, the contractile shortening of the inferior muscle reduced. 
Also, there was an asymmetry in contraction with the temporal ciliary muscle 
contracting more than the nasal side. Jeon et al (2012) measured the thickness of the 
ciliary muscle in myopic participants during accommodation to a 12.5 D stimulus. An 
anterior thickening and posterior thinning of the muscle was reported, however, the 
temporal ciliary muscle showed less contractility in longer eyes. In contrast, data from 
the current study suggests the contractility is less in the inferior but least for the nasal 
muscle whereas the temporal remains relatively unaffected in longer eyes with a 
thicker anterior muscle (CMMax). The anterior thickening of the muscle within the nasal 
quadrant may therefore reduce the ability of the muscle to contract with 
accommodation. However, using a greater accommodative demand level such as 12.5 
D may possibly reveal greater changes therefore further investigation is required for 
comparison with Jeon and colleagues (2012) data.  
 
Limitations 
 
There are limitations to the study. To evaluate the ciliary muscle parameters within the 
relaxed state, cyclopentolate was not used to induce a pharmacological relaxation of 
the ciliary muscle. Rather it was presumed that the ciliary muscle was relaxed when 
measurements were obtained with AS-OCT as the changes between physiological 
accommodation were of interest. Although the semi-automated programme provided 
information about the ciliary muscle parameters, the programme required subjective 
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measurements of the posterior visible limit. Accurate location of the limit is possible 
with UBM where the posterior zonules are visible, but not with OCT (Bailey, 2011). 
However, the software is repeatable and accurately extracts data from the ciliary 
muscle parameters (Laughton et al., 2015). As evident from the results within this 
study, the ciliary muscle length was underestimated in comparison to UBM studies, 
however, the overall changes to the temporal and nasal ciliary muscle parameters with 
axial ametropia and accommodation were in agreement with previous studies. 
Perhaps, analysis of the ciliary muscle area would provide more detail on the overall 
gross changes which occur to the ciliary muscle during accommodation, for which the 
findings from the current study could elaborate on. Furthermore, the area of the ciliary 
muscle in emmetropic and myopic eyes would provide further information about 
whether significant changes occur during accommodation, and is of interest for further 
investigation. 
  
In order to visualise the complete ciliary muscle for the temporal and nasal quadrant 
the participants were required to view a target 40° external to AS-OCT and vertical 
quadrants were imaged as the subject looked up or down. Therefore, the gaze 
direction may have altered the ciliary muscle morphology. However, peripheral 
refractions do not appear to alter with eye turn (Radhakrishnan and Charman., 2008), 
therefore the effect of eye turn is probably minimal on ciliary muscle morphology. In 
addition, the objective accommodative response was measured prior to ciliary muscle 
image acquisition therefore it was presumed the accommodative response was 
unaltered. A power refractor can measure the accommodative response as ciliary 
muscle images are acquired with the AS-OCT, however, a previous study has reported 
attrition of data due to the difficulty of acquiring ciliary muscle images alongside power 
refractor data (Lewis et al., 2012). The current study is the first to evaluate the changes 
to the muscle during accommodation in the vertical meridian and although the ciliary 
muscle images were clearly visible during acquisition, the repeatability for image 
analysis could have been determined.  
   
In conclusion, the results from this study reveal the ciliary muscle length increases 
within the temporal, nasal and superior quadrants with axial elongation. Furthermore, 
the anterior muscle thickens particularly within the horizontal meridian as axial length 
increases. During accommodation, there was an anterior thickening of the ciliary 
muscle in all quadrants as well as a contractile shortening, possibly to reduce zonular 
tension, therefore supporting von Helmholtz’s theory of accommodation.  
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6.5. Summary 
 
 The study investigated the accommodative changes to the ciliary muscle along 
the horizontal (temporal and nasal) and vertical (superior and inferior) 
quadrants. Furthermore, the relationship between ciliary muscle morphology 
and ametropia and axial length were studied 
 The main findings were: 
o During relaxed accommodation, the inferior ciliary muscle was the 
thickest and the temporal ciliary muscle was the longest 
o Temporal, nasal and superior CMLengthArc was significantly longer in 
eyes with longer axial lengths and inferior CMLengthArc was invariant 
with increasing axial length 
o As axial length increased, the anterior length increased in all quadrants 
which was significant for the temporal and nasal quadrants only 
o There was a significant positive correlation for CMMax within the nasal 
quadrant with increasing axial length 
o SS-IA increased increased significantly along the nasal and temporal 
quadrants, with axial elongation  
o During accommodation, the ciliary muscle length shortened which was 
greatest along the temporal and inferior quadrants 
o Changes to CMLengthArc and ciliary muscle thickness 2 mm posterior 
to the scleral spur during accommodation were dependant on quadrant  
o Changes to CM25 and CMLengthArc were dependent on 
accommodation 
o There was a statistically significant effect of quadrant on the thickness 
changes at CM75 during accommodation 
o The inferior ciliary muscle showed the greatest accommodative 
thickening at CMMax and there was a reduction to the anterior length 
and SS-IA during accommodation for all quadrants 
o The inferior ciliary muscle was longer in emmetropes and nasal, 
superior and temporal muscle was longer in myopes 
o No significant difference was found between refractive groups for 
CMMax, CMT2, CM25, CM50 and CM75 
 The results suggest: 
o Longer eyes have longer ciliary muscle lengths and anterior thickening, 
particularly along the horizontal orientation 
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o The inferior ciliary muscle does not alter in morphology with axial 
elongation  
o The thickness at CM25, CM50 and CM75 are independent of axial 
length in both the vertical and horizontal meridian and, thus suggests, 
the growth of the ciliary muscle is restricted to the anterior segment of 
the muscle since the anterior length increases with axial elongation 
o During accommodation, the anterior thickening and contractile 
shortening of the muscle may reduce zonular tension and thus the 
findings support von Helmholtzs theory of accommodation 
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Chapter 7. Is the fovea the apposite location for investigating the effect 
of accommodation on posterior eye conformation? 
 
7.1. Introduction 
 
Our knowledge of the changes that occur within the anterior segment during 
accommodation has improved, nevertheless, there is a paucity of literature on the 
effect of accommodation on the posterior eye. There is evidence to suggest axial 
length does not alter with accommodation (Young, 1801; Beauchamp and Mitchell, 
1985; Van der Heijde and Weber, 1989; Garner and Yap., 1997). However, techniques 
incorporating partial coherence interferometry (Drexler et al., 1998b; Mallen et al., 
2006), optical low coherence reflectometry (Read et al., 2010a; Woodman et al., 2011; 
Woodman et al., 2012) and, more recently, ultra-long scan depth optical coherence 
tomography (resolution of 5.6 µm; Zhong et al., 2014) indicate axial length is modified 
during accommodation (Drexler et al., 1998b; Mallen et al., 2006; Read et al., 2010a; 
Woodman et al., 2011; Woodman et al., 2012; Zhong et al., 2014), although, the 
significance between refractive groups remains equivocal (see Table 7-1).  
 
The relationship between accommodation and axial length has been of interest to 
elucidate the role of accommodation on the development of refractive error, especially 
since an association between near work and myopia has been suggested (e.g. 
Rosenfield and Gilmartin, 1998). During accommodation, a greater elongation of axial 
length has been documented in myopic eyes compared to emmetropic eyes (Mallen et 
al., 2006). However, axial length measurements obtained with the IOLMaster are 
overestimated during accommodation as a consequence of increased crystalline lens 
curvature and reduction in anterior chamber depth (Atchison and Smith, 2004b). 
Drexler et al (1998) measured axial length during accommodation using each 
participant’s individually determined near point that was measured subjectively by 
placing a cross hair target at the position of their maximum amplitude of 
accommodation. Although the range of accommodative responses between the 
refractive groups was not statistically significant (emmetropes: 5.1 ± 1.2D; myopes: 4.1 
± 2.0 D), the authors found that the greatest increase in axial length occurred in 
emmetropic eyes (emmetropes: 12.7 ± 3.4 µm, myopes: 5.2 ± 2.0 µm). Read et al 
(2010a) used the LenStar to measure axial length during transient accommodation, to 
a 3 D and 6 D stimulus, which was a similar method to Mallen and colleagues (2006). 
The LenStar provides biometric measurements including axial length, crystalline lens 
thickness and anterior chamber depth (Buckhurst et al., 2009). The invaluable 
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biometric data enables correction of the measured axial length during accommodation, 
for each participant, which provides a representable estimate of the eye length change 
with accommodation. Although Read et al (2010a) found that there was a maximum 
increase to axial length for the 6 D stimulus, no significant differences were observed 
between the refractive error groups, which is in contrast to the data obtained by Mallen 
et al (2006). Nevertheless, as can be seen in Table 7-1, the refractive error of the 
myopic cohort in Mallen and colleagues study (2006) were of a greater magnitude than 
Read et al (2010a) therefore indicating eyes with higher myopic refractive errors may 
exhibit more noticeable changes. Furthermore, if myopes are subclassified as early 
onset (refractive error onset before 12 years) and late onset myopes, or stable (less 
than -0.50 DS increase in refractive error over two years) and progressing myopes, the 
transient axial elongation is greatest in myopes whose refractive error is progressing 
and whose refractive onset was in childhood (Woodman et al., 2012). Such findings 
indicate different mechanisms may be involved in axial elongation during 
accommodation in subgroups of myopes.  
 
In addition, there are no significant differences to the axial length of the eye, between 
emmetropic and myopic groups, during a prolonged near task (Woodman et al., 2011; 
Woodman et al., 2012). Yet, during disaccommodation the axial length of myopes 
remains longer than baseline, which is independent of whether they are stable or 
progressing myopes, whereas for emmetropic eyes, axial length returns to baseline 
immediately post-task (Woodman et al., 2012). A potential limitation of these studies is 
that the data were collected along the visual axis; whether the same changes occur 
across eccentric retinal locations and whether the foveal location is the point where the 
maximum retinal elongation occurs with accommodation, is yet to be determined.  
 
There are several factors which are known to influence the axial length of human eyes: 
axial elongation has been reported as a result of an increase in intraocular pressure 
(Hata et al., 2012) and transient hyperopic monocular defocus (Read et al., 2010b), 
whereas a reduction to the axial length has been documented with water drinking 
(Read and Collins., 2010), transient monocular myopic defocus (Read et al., 2010b), 
prolonged monocular myopic defocus (Chakraborty et al., 2012) and dynamic exercise 
(Read and Collins., 2011). Furthermore, axial length varies with the direction of gaze, 
specifically, an increase has been reported in the infero-nasal gaze during 
accommodation (Ghosh et al., 2012).  
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Ocular shape is known to vary between and within refractive groups (e.g. Atchison et 
al., 2004a). Instruments incorporating partial coherence interferometry have been used 
to measure retinal shape within the unaccommodated eye, assuming the retinal profile 
is homogenous and measurements are obtained for field angles less than 30˚, thereby 
minimising the effects of optical distortions (Atchison and Charman, 2011). Peripheral 
eye lengths have been obtained with the IOLMaster during relaxed accommodation 
(Faria-Ribeiro et al., 2013) or with the use of a cycloplegic drug (Logan et al., 2004; 
Mallen and Kashyap, 2007). Similar to the axial length, the peripheral eye length 
measurements for unaccommodated eyes are longer in myopic eyes than emmetropic 
eyes (Ehsaei et al., 2013). In addition, an asymmetry of peripheral eye lengths has 
been documented with a longer eye length within the nasal quadrant in caucasian 
anisomyopes (Logan et al., 2004) as well as low (refractive error -1.75 DS) and 
moderate myopes (refractive error -6.75 DS) (Mallen and Kashyap, 2007).  Also, there 
is evidence of an asymmetry within the vertical field with the superior retina 
experiencing a steeper profile in comparison to the inferior retina (Mallen and Kashyap, 
2007). Moreover, a study of the retinal contour in white and Chinese anisomyopes 
revealed that the axial length is greatest and the retinal shape is distorted into a prolate 
shape in the more myopic eye (Logan et al., 2004). 
 
Furthermore, peripheral refraction studies indicate variation between the horizontal and 
vertical meridian, and an asymmetry between the temporal and nasal quadrants (Ehsai 
et al., 2011), as well as a superior-inferior asymmetry (Atchison et al., 2006), whether 
accommodation occurs (Lündstrom et al., 2009) or not. There is disagreement as to 
whether accommodation alters the peripheral refraction with some studies reporting a 
myopic shift (Ho et al., 2009; Lündstrom et al., 2009; Whatham et al., 2009), whereas 
other studies have not identified a difference (Calver et al., 2007, Davies and Mallen, 
2009). However, it is clear ocular shape influences peripheral refraction (Verkicharla et 
al., 2012) and ocular shape depends upon retinal steepness (Schmid, 2003a). 
 
Hitherto, researchers have assumed the visual axis is the apposite location for 
investigating the effect of accommodation on the posterior eye, although it is clear that 
the ocular shape varies between and within refractive groups. Furthermore, the fovea 
occupies a small region on the fundus compared to the peripheral retina, therefore, 
may not exclusively lengthen with accommodation. Additionally, asymmetry exists 
within the horizontal and vertical retinal hemispheres, but, it is unknown whether the 
elongation that has been documented to occur with accommodation is homogenous 
across the posterior eye.  
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Consequently, this study addresses three questions: 1) does peripheral eye length alter 
with accommodation; 2) is the effect of accommodation on eye length homogenous 
across the retina; and 3) does the maximum change in eye length occur at the fovea or 
at another eccentric location(s). 
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Refractive error (mean spherical 
equivalent) 
 
 
Method for stimulating 
accommodation  
 
Axial length increase (statistical 
significant results) 
 
Axial length 
difference 
between refractive 
groups  
 
Instrumentation and error 
correction   
Emmetropes Myopes Emmetropes Myopes  
Drexler et al 
(1998b) 
-0.34 ± 0.30 D -3.50 ± 2.80 D Individual determined 
near point.  
 
12.7 ± 3.4 µm 5.2 ± 2.0 µm Yes: emmetropes 
> myopes 
IOLMaster: axial length error 
corrected 
Mallen et al 
(2006) 
-0.07 ± 0.23 D -3.59 ± 0.75 D Accommodative stimuli 
levels: + 2 D, + 4 D and + 
6 D 
 
6 D stimulus:  
37 ± 27 µm 
6 D stimulus: 
58 ± 37 µm 
Yes: myopes > 
emmetropes 
IOLMaster: axial length data 
uncorrected 
Read et al 
(2010a) 
-0.05 ± 0.27 D -1.82 ± 0.84 D Accommodative stimuli 
levels: + 3 D and + 6 D. 
 
6 D stimulus:  
~ 10 µm 
6 D stimulus:  
~ 10 µm 
No  LenStar: axial length corrected 
Zhong et al 
(2014) 
Not specified 1.95 ± 0.88 D Accommodative stimuli: 
+6 D 
Emmetropic and myopic data 
collated: 26.1 ± 13.4 µm 
N/A Ultra-long scan depth optical 
coherence tomography 
Deshpande 
(2012) 
Not specified -1.93 ± 1.39 D N6 print at 33 cm 
N6 print at 12.5 cm 
Accommodatio
n at 12.5 cm: 
80 µm 
Accommodation at 
12.5 cm: 70 µm 
No A-scan ultrasonography 
Woodman et 
al (2011) 
-0.10 ± 0.23 D -3.11 ± 2.24 D 30 minute near vision 
task, + 5 D 
accommodative stimulus 
10 ± 15 µm 20 ± 20 µm No  IOLMaster: assumed axial 
length data were not 
overestimated. Data were 
collected immediately after the 
near task 
Woodman et 
al (2012) 
+0.16 ± 0.28 D -2.90 ± 1.57 D 30 minute near vision 
task, accommodative 
stimulus +4 D 
6 ± 22 µm 22 ± 34 µm No  LenStar: axial length data 
corrected 
 
Table 7-1. Summary of results found from research studies investigating the changes to the axial length with accommodation. 
 
Table 7-2. Summary of results found from research studies investigating the changes to the axial length with accommodation. 
 
Table 7-3. Summary of results found from research studies investigating the changes to the axial length with accommodation. 
 
Table 7-4. Summary of results found from research studies investigating the changes to the axial length with accommodation. 
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7.2. Methods 
 
The study was conducted in accordance to the tenets of the Declaration of Helsinki. 
Written and verbal information was provided to participants before they provided written 
consent for their participation. A favourable opinion was provided by the Life and 
Health Sciences Ethics Committee at Aston University before the study commenced.  
7.2.1. Sample size calculation 
 
The number of participants required for the study was determined from a statistical 
power test based on a calculation using G*power (version 3.1.9.2; Universitat Kiel, 
Germany). In order to measure a medium effect size (f=0.25), based on a within-
subject ANOVA design and a required statistical power (1-β) of 80% with an error 
probability (α) of 0.05, at least 24 participants were required. 
7.2.2. Inclusion criteria  
 
Fifty five participants were recruited from the undergraduate cohort at Aston University, 
to account for attrition. All participants were advised not to wear contact lenses 24 
hours before the study to prevent corneal morphology alteration, which could influence 
axial length measurements. Participants were invited to answer questions relating to 
their ocular and general health to ensure they had no health concerns or using any 
medication which could modify accommodation. Participants who had not had an eye 
examination within the last two years had their ocular health examined. In addition, 
questions regarding refractive error history were asked to determine if the refractive 
error of myopes was stable (defined as a change in mean spherical equivalent (MSE) ± 
0.25 D over the last two years), or progressing (defined as a change in MSE of at least 
-0.50 DS within two years). Participants were classified as emmetropic if MSE was 
within the range -0.75 D to + 0.50 D and myopic if MSE was less than -1.00 D. 
Exclusion criteria included astigmatism which was greater than 1.12 DC, participants 
who had an ocular or systemic disease, participants who had an ocular injury, ocular 
trauma or ocular surgery which affected the cornea, lens or ciliary apparatus, and those 
participants whose right eye monocular amplitude of accommodation was less than 8 
D. Volunteers who were amblyopic or had a binocular vision condition were also 
excluded from the study. Anisometropes (MSE refractive error greater than 1 D 
difference between the eyes) were also excluded since interocular differences such as 
a thinner subfoveal choroidal thickness in the more myopic eye (Vincent et al., 2013b) 
and greater changes to the corneal astigmatism in the more myopic eye during near 
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work (Vincent et al., 2013a) have been reported which could confound the data from 
the study.  
7.2.3. Procedure 
 
Visual acuity and Refractive error 
The same procedure was used as described in Chapter 6.  
 
Amplitude of accommodation          
Monocular amplitude of accommodation was measured with the Royal Air Force (RAF) 
rule using the push down method, which is known to have good repeatability 
(Rosenfield and Cohen, 1996). Briefly, the RAF rule rest was placed on the subject’s 
cheeks whilst fixating on a line equivalent to N5 Times New Roman font. The target 
was moved towards the eye and the subject was asked to report when the font first 
became blurred. When they first reported that the font became blurred, they were 
asked if they could make it clear again, and if this was possible the target was moved 
towards the eye until it was reported it was blurred and could not be made clear. The 
target was then moved away from the subject who again reported when the print first 
became clear. The average of these values was recorded. The procedure was 
repeated three times monocularly and binocularly to obtain an overall average of the 
amplitude of accommodation. Subjects with a distance refractive error were asked to 
wear their spectacles during this procedure.  
7.2.4. Axial and eccentric eye length measurements 
7.2.4.1. Main study 
 
Peripheral eye length and on-axis axial eye length measurements were obtained from 
the right eye (contralateral eye occluded with a patch) with the IOLMaster during 
relaxed accommodation and 4 D and 8 D accommodative demands. An aluminium 
gantry was placed around the forehead/ chin rest of the IOLMaster (Figure 7-1 A) onto 
which a Badal rig system (Figure 7-1 B) was attached using the same setup as 
described by Mallen and Kashyap (2007). The rig consisted of a +20.8 D Badal 
optometer (Edmund Optics), a high contrast Maltese target which was illuminated by 
an LED light, a beamsplitter (50% transmission/ 50% reflection) and a goniometer to 
vary target eccentricity in 5 degree increments.  
 
Horizontal and vertical eye length measures were obtained by placing the Badal 
optometer on the top and side of the gantry, respectively (see Figures 7-1 A and 7-2). 
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The rig was adjusted to ensure the Maltese cross target was aligned with the pupil 
centre of the right eye, which was confirmed when the patient reported the beam from 
the IOLMaster coincided with the Maltese cross target. The Badal lens was used to 
focus the target to each individual’s far point. The lens was slowly moved towards the 
beam splitter until the subject reported the Maltese cross target appeared clear. It was 
then moved away from the beam splitter until the subject reported it first became 
blurred and then moved towards the beam splitter until the subject reported it appeared 
clear again; this ensured there was no accommodation at the far point confirming 
accommodation was relaxed.  
 
The goniometer was used to position the Maltese target at various eccentric locations 
for each accommodative demand. The eye length measurements were obtained for: 0˚ 
(axial length), + 5˚, + 15˚ and + 25˚ (temporal retina) and - 5˚, -15˚ and - 25˚ (nasal 
retina) along the horizontal meridian and 0˚ (axial length), - 5˚, -15˚ and - 25˚ (inferior 
retina) and - 5˚, -15˚ and - 25˚ (superior retina) along the vertical meridian. The subject 
rotated their eye to view the target, since no significant differences have been shown to 
occur between the influence of the extraocular muscles on the eye ball in peripheral 
directions of gaze during eye movement when compared with head movement 
(Radhakrishnan and Charman, 2008). During data collection, the accommodative 
demand level was randomised, as well as eccentricity. The meridian from which the 
data were collected was also randomly chosen. For each accommodative demand 
level the target was viewed for one minute before five measurements were recorded 
with the IOLMaster (with a signal-to-noise ratio >2.0) and the mean value noted. The 
light beam from the IOLMaster was directed towards the centre of the cornea, so there  
was a normal incidence of the beam at the anterior cornea (Atchison and Charman, 
2011). Between each vergence level, the subject was allowed to relax their eyes for 
thirty seconds. All measurements were conducted in low illumination (to maximize pupil 
size) of 10-3 cd/m2. 
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Badal lens 
(+20.8 D) 
 
Badal lens 
(+20.8 D) 
 
Badal lens 
(+20.8 D) 
 
Badal lens 
(+20.8 D) 
Goniometer 
 
Goniometer 
 
Goniometer 
 
Goniometer 
Chin rest  
 
Table 
7-5. A 
shows 
the rig 
setup for 
the 
IOLMast
er to 
obtain 
measure
ments 
for the 
horizont
al 
meridian
. B 
shows 
the rig 
consistin
g of a 
Badal 
lens 
used to 
correct 
the 
ametropi
a and 
stimulate 
accomm
odation, 
and the 
beam 
splitter. 
The 
beam 
splitter 
reflects 
the 
Maltese 
cross 
target 
viewed 
by the 
participa
nt. The 
goniome
ter is 
used to 
alter the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-1. A shows the rig setup for the IOLMaster to obtain measurements for the 
horizontal meridian. B shows the rig consisting of a Badal lens used to correct the 
ametropia and stimulate accommodation, and the beam splitter. The beam splitter 
reflects the Maltese cross target viewed by the participant. The goniometer is used to 
alter the angle of gaze.  
 
 
 
 
Forehead rest 
 
Forehead rest 
 
Forehead rest 
 
Foreh ad rest 
Beam splitter 
 
Beam splitter 
 
Beam splitter 
 
Beam splitter 
A 
 
A 
 
A 
 
A 
B 
 
B 
 
B 
 
B 
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Badal 
Lens 
 
Badal 
Lens 
 
Badal 
Lens 
 
Badal 
Lens 
Goniometer 
 
Table 7-7. 
The rig 
setup to 
obtain 
measureme
nts for the 
vertical 
meridian of 
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beam 
splitter 
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that is 
viewed by 
the 
participant. 
The Badal 
lens 
corrects the 
refractive 
error and 
the 
goniometer 
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Table 7-8. 
The rig 
setup to 
obtain 
measureme
nts for the 
vertical 
meridian of 
the right 
eye. The 
beam 
splitter 
reflects the 
Maltese 
cross target 
 
Figure 7-2. The rig setup to obtain measurements for the vertical meridian of the right 
eye. The beam splitter reflects the Maltese cross target that is viewed by the 
participant. The Badal lens corrects the refractive error and the goniometer is used to 
alter the angle of gaze.  
 
 
Once the measurements were obtained, the health of the anterior eye was examined of 
the myopic participants, with a slit lamp prior to the correction of the myopic refracti
error with a spherical daily soft contact lens (Nelfilcon A; water content 69%) to render 
participants functionally emmetropic. Once inserted, a settling time of five minutes was 
allowed. The contralateral eye was occluded with a patch and an over-refraction was 
performed with the Grand Seiko WAM 5500 autorefractor whilst the participant viewed 
an external fixation target within a Badal lens system. The over-refraction results were 
within ±0.50 DS for all subjects. Subsequently, the monocular objective 
accommodative response of the right eye for the three demand levels (0.17 D, 4 D and 
8 D) was determined for all emmetropic and myopic individuals as the subjects viewed 
a Maltese cross target in free space, as shown in Figure 7-3 and Figure 7-4. Three 
measurements were taken at each position and a final overall result was provided by 
the autorefractor, which was recorded. The order of the measurements for the 
accommodative response was randomised. 
Beam splitter 
 
Beam splitter 
 
Beam splitter 
 
Beam splitter 
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Figure 7-3. 4 D accommodative demand was simulated by placing the Maltese cross 
target 25 cm from the eye in free space. 
  
 
 
Figure 7-4. A For the 8 D accommodative demand level, a Maltese cross target was 
placed 12.5 cm from the eye in free space. B shows the magnified image of the 
Maltese cross target. 
 
 
A 
 
A 
 
A 
 
A 
B 
 
B 
 
B 
 
B 
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Following data collection, the contact lens was removed from the right eye of the 
myopic participants and the anterior eye health assessed with a slit lamp. 
Subsequently, corneal topography (Medmont) was obtained from the right eye. 
7.2.5. Analysis 
 
The beam of the IOLMaster was directed towards the centre of the cornea during axial 
and eccentric eye length measurements. The optical path length was calculated as the 
total distance from the cornea (anterior surface) to the posterior surface of the vitreous 
chamber. Corneal topography was essential to calculate the corneal sagittal height for 
each individual participant prior to calculating the retinal sagittal height. Model eyes that 
assume the corneal elevation is the same amongst individuals can produce an error for 
the retinal contour of 244 µm (Faria-Ribeiro et al., 2014).  
 
Although eccentric measurements with the IOLMaster are possible (Ehsaei et al., 2013; 
Faria-Ribeiro et al., 2014), the path length of the beam at eccentric locations does not 
follow the same course when reflected from the retinal surface (Atchison and Charman, 
2011). Therefore the optical path length data provided by the IOLMaster cannot be 
used to determine the exact position of the retina to estimate the retinal contour. As 
such, the average eye length measurements for each direction of gaze calculated with 
the IOLMaster were converted to the optical path length using the equation:  
 
OPL = (GL + 1.367)/0.7711 (Haigis et al., 2000).                  1.0 
 
The refractive index within the eye is assumed to remain homogenous for each 
eccentric measurement and with accommodation. The vitreous path length (PL) for 
each individual can be calculated by ray tracing to determine the direction and physical 
distance that the ray travels for the different media by using the following equation: 
 
PL VITREOUS (θ) X 1.3445 = PL CORNEA (θ) X 1.385 + PL AQEUOUS (θ) X 1.3459                 1.1 
        + PL LENS (θ) X 1.4070 – EL IOLMASTER (θ) x 1.33549  
      
The data were used alongside a semi-customised eye model, based on the individual 
corneal topography and Navarro eye model, to compute the retinal intercept 
coordinates. Subsequently, the retinal sagittal height was calculated and a best conic 
curve was fitted (Faria-Ribeiro et al., 2014). Fitting errors that equated to the mean ± 3 
SD were considered poor fits and excluded from the data to ensure a confidence 
interval of 99.6%, therefore only conic models with good accuracy have been included 
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in the results. The path of the light beam is not linear within the eye, especially at larger 
eccentricities, therefore all the results were normalized for the maximum distance of the 
conic section from the fovea (x) which was approximately ± 8 mm (average value of x 
for ± 30 degrees of incidence angle).   
7.2.6. Axial length error during accommodation 
 
During accommodation, the increased thickness of the crystalline lens alters the optical 
path length which alters the measured axial length found with the IOLMaster. As such, 
the axial length measurements were converted from the optical path length to the 
geometric path length using the equations listed in Chapter 6. The IOLMaster was only 
used to collect axial length data, therefore, the values for the crystalline lens thickness 
and anterior chamber depth during accommodation were initially obtained with the 
LenStar. However, complete data for all accommodative stimulus levels was only 
possible from 6 of the 29 participants. Therefore, as described in Chapter 6, the 
equations derived by Norrby (2005) have been used to calculate the lens thickness and 
anterior chamber during accommodation.  
7.2.7. Statistical analysis  
 
A Shapiro-Wilk test (SPSS Statistics 21; SPSS Inc., Illinois, USA) revealed normal 
distribution of the data for the axial length at relaxed accommodation, and with 4 D and 
8 D accommodative demand levels. Therefore, assumptions of normality and 
homogeneity of variance were met. To explore the changes to the retinal sag depth 
and the axial length with accommodation, a repeated measures analysis of variance 
(ANOVA) was performed with one within subject factor (i.e. accommodation) and one 
between subject factor (i.e. refractive error). 
7.3. Results 
 
Repeatability 
The intersessional repeatability of the rig that was used to obtain eye length 
measurements within the horizontal and vertical meridians, was assessed from 9 
participants who attended two separate visits. Eye length measurements were obtained 
from all angles analysed in the present study. The bias for each each eye length 
measurement was calculated from the mean difference in measures between both 
visits, and paired t-tests were used to determine whether the differences were 
significantly different. The limits of agreement (the interval where 95% of the mean 
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differences lie (Altman and Bland, 1983; Bland and Altman, 1986)), were found by 
using the formula:  
LoA = bias ± (1.96 x SD of differences) 
There were no significant differences in eye length measurements obtained between 
both visits for the horizontal meridian (Table 7-2, Figure 7-5) and vertical meridian 
(Table 7-3, Figure 7-6).  
 
Angle (degree) Bias (mm) SD of 
differences 
(mm) 
95% LoA 
(mm) 
t-test p 
-25 0.08 0.16 + 0.40, - 0.23 1.60 0.15 
-15 0.14  0.27  + 0.68, - 0.40 1.55 0.16 
-5 -0.07 0.48 + 0.41, - 0.56 -0.91 0.39 
0 -0.007 0.038 + 0.67, - 0.08 -0.59 0.57 
5 -0.06 0.18 + 0.29, -0.42 -1.03 0.33 
15 -0.02 0.18 + 0.32, - 0.36 -0.38 0.71 
25 0.05 0.29 + 0.63, -0.52 0.58 0.58 
Table 7-2. Intersession repeatability data of the eye length measurements along the 
horizontal meridian obtained with the rig at two seperate visits. Minus angles refer to 
the nasal retina and positive angles refer to the temporal retina.  
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Figure 7-5. Bland-Altman plot representing the intersession repeatability data of the 
eye length measurements along the horizontal meridian obtained with the rig at two 
separate visits.  
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Angle (degree) Bias (mm) SD of 
differences 
(mm) 
95% LoA 
(mm) 
t-test p 
-25 -0.05 0.08 + 0.24, - 0.10 1.70 0.13 
-15 0.02 0.08 + 0.20, - 0.14 0.96 0.36 
-5 0.06 0.11 + 0.28, - 0.15 1.77 0.12 
0 0.01 0.07 + 0.15, -0.12 0.52 0.62 
5 0.04 0.11 + 0.27, -0.17 1.32 0.22 
15 0.01 0.10 + 0.22, -0.20 0.24 0.81 
25 0.15 0.59 +1.32, - 1.07 0.90 0.39 
Table 7-3. Intersession repeatability data of the eye length measurements along the 
vertical meridian obtained with the rig at two seperate visits. Minus angles refer to the 
inferior retina and positive angles refer to the superior retina. 
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Figure 7-6. Bland-Altman plot representing the intersession repeatability data of the 
eye length measurements along the vertical meridian obtained with the rig at two 
separate visits. 
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Intrasessional repeatability was assessed by obtaining eye length measurements for 
both meridians at all field angles analysed for the present study, from one participant 
10 times.  
 
Table 7-4 shows the results and it is evident the intrasessional repeatability was good, 
since there was minimal variance in the data.  
 
 Angle (degree) Mean eye length (mm) 
H
o
ri
z
o
n
ta
l 
 
-25 22.82 (SD 0.10) 
-15 23.07 (SD 0.10) 
-5 23.04 (SD 0.5) 
0 23.02 (SD 0.08) 
5 22.92 (SD 0.12) 
15 22.88 (SD 0.16) 
25 22.71 (SD 0.16) 
V
e
rt
ic
a
l 
-25 22.67 (SD 0.01) 
-15 22.75 (SD 0.01) 
-5 22.81 (SD 0.05) 
0 23.02 (SD 0.08) 
5 22.88 (SD 0.01) 
15 22.92 (SD 0.02) 
25 22.90 (SD 0.04) 
 
Table 7-4. Intrasessional repeatability for the rig used to obtain eye length 
measurements. The negative angles refer to the nasal retina (horizontal) and inferior 
retina (vertical). 
 
 
Retinal contour (main study) 
Due to attrition (inability to collect data at all eccentricities for each accommodative 
stimuli level because of pupil miosis with accommodation n = 9; accommodative 
response less than 5 D for an 8 D stimulus n =5; errors greater than the mean ± 3 SD 
for the fitting curves during analysis n= 12), data are presented for 29 participants (age 
20.9 years (SD 2.10) consisting of 13 myopes (age 21.2 (SD 2.1) years, MSE -2.81 D 
(SD 0.98)) and 16 emmetropes (age 20.7 (SD 2.2) years, MSE -0.14 D (SD 0.38)). 
Eight males and twenty one females participated in the study (emmetropic males n=4, 
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females n=12; myopic males n=4, females n=9). Twenty five participants were of an 
Asian ethnic background and four participants were White.   
 
Retinal sagittal height 
Data for the retinal sag height for the horizontal and vertical meridian is shown in Table 
7-5 and Table 7-6, respectively. During relaxed accommodation, the values for the 
location referring to the visual axis (0°) show slight elevation since the conic curve apex 
is displaced on average by (x, y) -0.00067, -0.01061 along the horizontal meridian, and 
(x, y) 0.115, -0.008 along the vertical meridian rather than located at the location where 
the retinal sag= 0. Thus, the results indicate there is slight elevation of the retinal 
sagittal height at the fovea.   
 
During accommodation, an increase of approximately 0.2 mm to the sagittal height was 
evident along the horizontal meridian for the whole cohort particularly between 1.5 mm 
and 7 mm of the nasal retina, as shown in Figure 7-7 A. The radius of the apex (R) and 
conic constant (Q) between 0 D (R = 12.77 mm, Q= -0.99) and 8 D (R= 13.08 mm, Q= 
-1.41) indicates the retinal shape alters from a prolate ellipse to a hyperboloid during 
accommodation. 
 
Analysing the retinal shape with accommodation for the emmetropic subjects indicates 
minimal change to the initial prolate ellipse between 0 D (R= 13.03 mm, Q= -0.63) and 
8 D (R= 12.93 mm, Q= -0.91) demand level. In contrast, there was an increase to the 
sagittal height for the myopic cohort with accommodation indicating a change from a 
hyperboloid retinal shape to a prolate ellipse with accommodation (0 D: R= 12.43 mm, 
Q= -1.46, 8 D: R= 13.29 mm, Q= -0.23).  
 
However, the effect of accommodation on the retinal sag height was not statistically 
significant along the horizontal meridian for the whole cohort (F1.091, p= 0.34), 
emmetropic subgroup (F0.219, p= 0.79) or myopic subgroup (F1.435, p=0.26). The 
interaction effect between the accommodation demand levels and eccentricity along 
the horizontal meridian was not statistically significant for the whole cohort (F0.707 p= 
0.62) nor for the emmetropic sub-group (F0.995, p=0.43) or myopic subgroup (F0.599, p= 
0.62). 
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Distance from fovea (mm) 
 -7 -4.5 -1.5 0 1.5 4.5 7 
All 0 D 
-1.94 (SE 
0.051) 
-0.81 (SE 0.054) -0.13 (SE 0.026) 
6.1 x 10-5 (SE 4.4.x 
10-5) 
 
-0.13 (SE 
0.041) 
-0.82 (SE 
0.039) 
-1.95 (SE 
0.058) 
 4 D 
-1.88 (SE 
0.055) 
-0.81 (SE 0.049) 
-0.083 (SE 
0.028) 
5.9 x 10-6 (SE 1.6 x 
10-5) 
-0.045 (SE 
0.027) 
-0.79 (SE 
0.045) 
-1.94 (SE 
0.064) 
 8 D 
-1.93 (SE 
0.05) 
-0.77 (SE 0.043) -0.12 (SE 0.023) 
-3.30 x 10-6 (SE 1.0 x 
10-5) 
-0.095 (SE 
0.023) 
-0.82 (SE 
0.036) 
-1.95 (SE 
0.0056) 
Myopes 0 D 
-1.96 (SE 
0.060) 
-0.85 (SE 0.065) -0.17 (SE 0.032) 
1.1 x 10-4  (SE 6.4 x 
10-5) 
 
-0.17 (SE 
0.054) 
-0.85 (SE 
0.050) 
-1.95 (SE 
0.062) 
 4 D 
-1.88 (SE 
0.070) 
-0.78 (SE 0.065) -0.06 (SE 0.031) 
-1.9 x 10-6 (SE 1.7 x 
10-5) 
 
-0.024 (SE 
0.028) 
-0.77 (SE 
0.061) 
-1.93 (SE 
0.084) 
 8 D 
-1.91 (SE 
0.059) 
-0.77 (0.057) -0.07 (SE 0.022) 
1 x 10-5 (SE 1.4 x 10-5 
) 
 
-0.083 (SE 
0.023) 
-0.79 (SE 
0.043) 
-1.99 (SE 
0.070) 
Emmetropes 0 D 
-1.92 (SE 
0.044) 
-0.79 (SE 0.045) -0.11 (SE 0.020) 
2.6 x 10-5  (SE 1.2 x 
10-5) 
 
-0.093 (SE 
0.026) 
-0.80 (SE 
0.027) 
-1.96 (SE 
0.057) 
 4 D 
-1.88 (SE 
0.040) 
-0.83 (SE 0.033) -0.11 (SE 0.026) 
2.6 x 10-5  (SE 1.5 x 
10-5) 
 
-0.061 (SE 
0.027) 
-0.80 (SE 
0.028) 
-1.95 (SE 
0.045) 
 8 D 
-1.95 (SE 
0.044) 
-0.78 (SE 0.030) -0.15 (SE 0.023) 
2.5 x 10-6 (SE 7.5 x 
10-6) 
-0.11 (SE 
0.025) 
-0.84 (SE 
0.030) 
-1.92 (SE 
0.042) 
Table 7-5. Data for the average retinal sagittal depth (mm) along the horizontal meridian for the three accommodative demand levels for all 
participants (n=29), myopes (n=13) and emmetropes (n=16).  
 
Table 7-12. Data for the average retinal sagittal depth (mm) along the horizontal meridian for the three accommodative demand levels for all 
participants (n=29), myopes (n=13) and emmetropes (n=16).  
 
Table 7-5. Data for the average retinal sagittal depth (mm) along the horizontal meridian for the three accommodative demand levels for all 
participants (n=29), myopes (n=13) and emmetropes (n=16).  
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Figure 7-7. Average sagittal values fitted with a conic curve for 0 D demand and 8 D demand level along the horizontal meridian 
for all participants (A), 16 emmetropic participants (B) and 13 myopic participants (C and D) . Negative distance from the fovea 
represents the nasal retina. The error bars represent the SEM. Only the 0 D and 8 D demand level data are shown for clarity and 
the conic fits have been separated by +0.5 mm for clarity. 
 
 
 
 
Table 7-17. Average sagittal values fitted with a conic curve for 0 D demand and 8 D demand level along the horizontal meridian 
for all participants (figure 5a), 16 emmetropic participants (figure 5b) and 13 myopic participants (figure 5c and d) . Negative 
distance from the fovea represents the nasal retina. The error bars represent the SEM. Only the 0 D and 8 D demand level data 
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Along the vertical meridian, the retinal shape for the whole cohort indicated an oblate 
ellipse, which became prolate as the retinal sagittal height increased with 
accommodation for all subjects as seen in Figure 7-8 A (0 D: R= 13.91 mm, Q= 0.50, 8 
D: R= 13.64 mm, Q= -0.78), which was in contrast to the horizontal meridian. The 
retinal shape of the emmetropic cohort altered from a prolate ellipse to a hyperboloid 
the 0 D (R= 13.96 mm, Q= -0.80) and 8 D (R= 13.20 mm, Q= -1.42) accommodative 
demand level, which can be seen on Figure 7-7 B. The myopic cohort showed the 
greatest increase in retinal sagittal specifically within 1.5 mm of the superior retina to 7 
mm of the inferior retina, as shown in Figure 7-7 C and D. During accommodation, the 
retinal shape changed from prolate ellipse to oblate ellipse (0 D: R= 13.85 mm, Q= -
0.17; 8 D: R= 14.24 mm, Q= 0.044), However, the effect of accommodation on the 
retinal sag height was not statistically significant along the vertical meridian (whole 
cohort F0.965, p= 0.39; emmetropic subgroup F1.886, p= 0.17; myopic subgroup F1.285, p= 
0.30).  
 
Also, there was no statistical significance interaction between the accommodation 
demand levels and eccentricity along the vertical meridian for the whole cohort (F1.529, 
p=0.11), the emmetropic subgroup (F1.452, p=0.21) or myopic subgroup (F1.316, p= 0.27). 
Overall, the effect of eccentricity on the retinal sag depth was highly statistically 
significant for both meridians for the whole cohort as well as the emmetropic and 
myopic refractive subgroups considered separately (p<0.001).  
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Distance from fovea (mm) 
-7 -4.5 -1.5 0 1.5 4.5 7 
All 
participants 
0 D 
-1.89 (SE 
0.056) 
-0.78 (SE 
0.035) 
-0.13 (SE 
0.025) 
6.1 x 10-5 (SE 4.4.x 
10-5) 
 
-0.079 (SE 
0.016) 
-0.71 (SE 
0.027) 
-1.78 (SE 
0.052) 
 4 D -1.95 (SE 
0.053) 
-0.81 (SE 
0.030) 
-0.091 (SE 
0.015) 
5.9 x 10-6 (SE 1.6 x 
10-5) 
-0.089 (SE 
0.021) 
-0.74 (SE 
0.030) 
-1.79 (SE 
0.053) 
 8 D -1.88 (SE 
0.053) 
-0.78 (SE 
0.036) 
-0.091 (SE 
0.016) 
-3.30 x 10-6 (SE 1.0 
x 10-5) 
-0.075 (SE 
0.022) 
-0.72 (SE 
0.038) 
-1.77 (SE 
0.054) 
Myopes 0 D 
-2.02 (SE 
0.060) 
-0.85 (SE 
0.042) 
-0.15 (SE 
0.023) 
1.1 x 10-4  (SE 6.4 x 
10-5) 
 
-0.094 (SE 
0.015) 
-0,69 (SE 
0.021) 
-1.78 (SE 
0.048) 
 4 D 
-2.02 (SE 
0.060) 
-0.83 (SE 
0.039) 
-0.086 (SE 
0.016) 
-1.9 x 10-6 (SE 1.7 
x 10-5) 
 
-0.084 (SE 
0.024) 
-0.71 (SE 
0.028) 
-1.78 (SE 
0.051) 
 8 D 
-1.93 (SE 
0.055) 
-0.76 (SE 
0.041) 
-0.067 (SE 
0.016) 
1 x 10-5 (SE 1.4 x 
10-5 ) 
 
-0.066 (SE 
0.020) 
-0.69 (SE 
0.035) 
-1.75 (SE 
0.055) 
Emmetropes 0 D 
-1.78 (SE 
0.045) 
-0.73 (SE 
0.026) 
-0.11 (SE 
0.026) 
2.6 x 10-5  (SE 1.2 x 
10-5) 
 
-0.066 (SE 
0.017) 
-0.73 (SE 
0.031) 
-1.78 (SE 
0.057) 
 4 D 
-1.90 (SE 
0.047) 
-0.80 (SE 
0.020) 
-0.095 (SE 
0.015) 
2.6 x 10-5  (SE 1.5 x 
10-5) 
 
-0.093 (SE 
0.019) 
-0.76 (SE 
0.030) 
-1.79 (SE 
0.055) 
 8 D -1.83 (SE 
0.052) 
-0.79 (SE 
0.032) 
-0.11 (SE 
0.015) 
2.5 x 10-6 (SE 7.5 x 
10-6) 
-0.083 (SE 
0.024) 
-0.74 (SE 
0.041) 
-1.79 (SE 
0.056) 
Table 7-6. Data for the average retinal sagittal depth (mm) along the vertical meridian for the three accommodative demand levels for 
all participants (n=29), myopes (n=13) and emmetropes (n=16).  
 
 
Table 7-19. Data for the average retinal sagittal depth (mm) along the vertical meridian for the three accommodative demand levels for 
all participants (n=29), myopes (n=13) and emmetropes (n=16).  
 
 
Table 7-6. Data for the average retinal sagittal depth (mm) along the vertical meridian for the three accommodative demand levels for 
Accommodative 
Demand Level 
(D) 
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Table 
7-21. 
Average 
sagittal 
values 
fitted 
with a 
conic 
curve for 
0 D 
demand 
and 8 D 
demand 
level 
along the 
vertical 
meridian 
for all 
participa
nts 
(figure 
6a), 16 
emmetro
pic 
participa
nts 
(figure 
6b) and 
13 
myopic 
participa
nts 
(figure 6c 
and d) . 
Negative 
Superior retina 
 
Superior retina 
 
Superior retina 
 
Superior retina 
Inferior retina 
 
Inferior retina 
 
Inferior retina 
 
Inferior retina 
Superior retina 
 
Superior 
retina 
 
Superior retina 
 
Superior 
retina 
Inferior retina 
 
Inferior 
retina 
 
Inferior retina 
 
Inferior 
retina 
Superior retina 
 
Superior retina 
 
Superior retina 
 
Superior retina 
Inferior retina 
 
Inferior retina 
 
Table 7-7. 
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levels for 
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s (n=29), 
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n=13) and 
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Figure 7-8. Average sagittal values fitted with a conic curve for 0 D demand and 8 D demand level along the vertical meridian for all 
participants (A), 16 emmetropic participants (B) and 13 myopic participants (C and D). Negative distance from the fovea represents 
the inferior retina. The error bars represent the SEM. Only the 0 D and 8 D demand level data are shown for clarity and the conic fits 
have been separated by +0.5 mm for clarity.  
 
 
 
Figure 7-8. Average sagittal values fitted with a conic curve for 0 D demand and 8 D demand level along the vertical meridian for all 
participants (A), 16 emmetropic participants (B) and 13 myopic participants (C and D). Negative distance from the fovea represents 
the inferior retina. The error bars represent the SEM. Only the 0 D and 8 D demand level data are shown for clarity and the conic fits 
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Between the refractive error groups, there was no significant effect of accommodation 
on the retinal sag depth in either the horizontal (F0.002, p= 0.97) or vertical (F0.162, p= 
0.69) meridians.  
 
Moreover, the retinal sagittal height did not alter significantly between meridians during 
relaxed accommodation (whole cohort F3.623, p= 0.062; emmetropes F3.017, p= 0.093; 
myopes F1.005, p= 0.326) and at the maximum accommodative demand level of 8 D 
(whole cohort F3.234, p= 0.077; emmetropes F2.086, p= 0.159; myopes F1.110, p= 0.303).  
 
Axial length 
 
The average baseline axial length of the myopes was longer than the emmetropes 
(myopes 24.52 mm (SD 0.76), emmetropes 23.67 mm (SD 0.84) (F4.590, p= 0.05)). For 
all participants, the group mean increase in axial length between the 0 D and 8 D 
stimulus levels was 0.01 mm, however, there was a reduction to the axial length 
between 0 and 4 D of accommodation with a mean decrease of 0.01 mm. Table 7-7 
shows the change to the axial length with accommodation for all participants, as well as 
the emmetropic and myopic subgroups. The greatest elongation occurred between 0 D 
and 8 D stimulus level for the whole cohort as well as the emmetropic, however, there 
was a reduction to the axial length with accommodation in the myopic cohort, as shown 
in Figure 7-9. A repeated measures ANOVA with one within subject factor (i.e. 
accommodation) revealed no significant effect of accommodation on the axial length 
within the whole cohort, emmetropic subgroup or the myopic subgroup separately. 
Moreover, there was no significant refractive error effect of the change to axial length 
with accommodation (F8.131, p= 0.08), indicating the magnitude of the elongation of 
emmetropes was not statistically significant compared to the myopes.  
 
The myopic cohort consisted of four progressing myopes (MSE -3.60 D (SD 0.69)) and 
nine myopes with stable refractive errors (MSE -2.46 D (SD 0.82)). The axial length of 
the progressing and stable myopes were 24.14 mm (SD 0.66) and 24.68 mm (SD 
0.77), respectively. As shown in Table 7-8, there was a general increase in axial length 
with accommodation for the progressing myopes, whereas there was a general 
shortening of the axial length with accommodation for the stable myopes. The mean 
accommodative response was similar between both groups for the 4 D and 8 D 
demand level.  
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Table 7-8. Comparison of the axial length (mm) and accommodative response (D) between the progressive myopes and stable myopes 
Included in the myopic cohort.  
  
 
 
Age (years) 
 
 
 
MSE (D) 
 
 
 
Accommodative response  
 
 
 
 
‘Measured’ AXL (mm) 
 
 
 
‘Corrected’ AXL (mm) 
0 D 4 D 8 D 0 D 4 D 8 D 4 D 8 D 
All 
participants 
20.9 
(SD 2.1) 
-1.33 
(SD 1.52) 
0.19 
(SD 0.30) 
3.56 
(SD 
0.48) 
6.52 
(SD 
0.91) 
24.05 (SD 
0.90) 
 
 
24.05 (SD 
0.85) 
 
 
24.08 (SD 
0.87) 
 
 
24.04 (SD 0.85) 
 
 
24.06 (SD 
0.87) 
 
 
Myopes 21.2 
(SD 2.1) 
-2.81 
(SD 0.98) 
0.12 
(SD 0.28) 
3.79 
(SD 
0.49) 
6.63 
(SD 
0.82) 
24.52 (SD 
0.76) 
 
 
24.51 (SD 
0.85) 
 
 
24.53 (SD 
0.87) 
 
 
24.50 (SD 0.72) 
 
 
24.51 (SD 
0.72) 
 
 
Emmetropes 20.7 
(SD 2.2) 
-0.14 
(SD 0.38) 
-0.14 
(SD 0.38) 
3.38 
(SD 
0.39) 
6.43 
(SD 
0.99) 
23.67 (SD 
0.84) 
 
 
23.67 (SD 
0.85) 
 
 
23.72 (SD 
0.83) 
 
 
23.66 (SD 0.78) 
 
 
23.70 (SD 
0.83) 
 
 
Axial length (mm) Accommodative response MSE (D) 
 0 D 4 D 8 D 0 D 4 D 8 D 
Progressing 
Myopes 
(n=4) 
24.14 (SD 
0.66 
24.19 (SD 
0.60) 
24.17 (SD 
0.59) 
0.30 (SD 
0.28) 
3.80 (SD 
0.57) 
6.76 (SD 
0.69) 
Stable 
Myopes 
(n=11) 
24.68 (SD 
0.77) 
24.63 (SD 
0.76) 
24.66 (SD 
0.75) 
0.04 (SD 
0.22) 
3.79 (SD 
0.42) 
6.57 (SD 
0.82) 
Table 7-7. The average age, refractive error and biometric measurements for the three accommodative demand levels for all participants (n=29), 
myopes (n=13) and emmetropes (n=16).  
 
Table 7-27. Comparison of the axial length (mm) and accommodative response (D) between the progressive myopes and stable myopes 
included in the myopic cohort.Table 7-28. The average age, refractive erro  and biometric measurements for the three accommodative demand 
levels for all participants (n=29), myopes (n=13) and emmetropes (n=16).  
 
Table 7-29. Comparison of the axial length (mm) and accommodative response (D) between the progressive myopes and stable myopes 
included in the myopic cohort.   
 
Table 7-30. Comparison of the average ‘measured’ (data from LenStar L 900) and the average ‘calculated’ crystalline lens thickness and 
anteri r chamber depth (using equations 1.1 and 1.2 provided by Norrby ( 005)) from 6 participants. The axial length has been calculated using 
equation 1.3 - 1.7, listed above. Statistically significant results are indicated with an asterisk.Table 7-31. Comparison of the axial length (mm) and 
accommodative response (D) between the progressive myopes and stable myopes included in the myopic cohort.Table 7-7. The average age, 
refractive error and biometric measurements for the three accommodative demand levels for all participants (n=29), myopes (n=13) and 
emmetropes (n=16).  
 
Table 7-32. Comparison of the axial length (mm) and accommodative response (D) between the progressive myopes and stable myopes 
included in the myopic cohort.Table 7-33. The average age, refractive error and biometric measurements for the three accommodative demand 
levels for all participants (n=29), myopes (n=13) and emmetropes (n=16).  
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The axial length was calculated using the equations listed in Chapter 6. However, using 
the LenStar LS900, the crystalline lens thickness and anterior chamber depth 
measurements could only be obtained from 6 of the 29 participants within the study. 
Thus, the data for the lens thickness and anterior chamber depth were calculated using 
the equations provided by Norrby (2005) (refer to equation 1.0 and 1.1, respectively in 
Chapter 6). The values were then used to calculate the error of the axial length with 
accommodation for all participants. Nevertheless, it was of interest to determine 
whether the ‘measured’ crystalline lens thickness and anterior chamber depth 
measurements for the 6 participants, produced any significant differences in the axial 
length error, which was determined from the ‘calculated’ biometric values. Therefore, a 
repeated measures ANOVA with one within factor (i.e. accommodation) and one 
between factor (i.e. measured and calculated values) was conducted for the 6 
participants whose crystalline lens thickness and anterior chamber depth biometric 
data could be obtained. Table 7-9 shows that only the anterior chamber depth values 
were statistically significant between the measured and calculated data, however, the 
  
Measured 
 
Calculated 
 
p value 
0 D 4 D 8 D 0 D 4 D 8 D 
Crystalline 
lens 
thickness 
(mm) 
 
3.38 (SE 
0.07) 
 
3.68 (SE 
0.09) 
 
3.8 (SE 
0.11) 
 
3.42 (SE 
0.02) 
 
3.61 (SE 
0.02) 
 
3.80 (SE 
0.02) 
 
0.064 
Anterior 
chamber 
depth (mm) 
 
3.15 (SE 
0.15) 
 
2.94 (SE 
0.16) 
 
2.94 
(SE 
0.18) 
 
3.66 (SE 
0.01) 
 
3.50 (SE 
0.01) 
 
3.34 (SE 
0.01) 
 
0.013* 
Error in 
axial length 
(µm) 
 
 
N/A 
 
 
11 
 
 
23 
 
 
N/A 
 
 
10 
 
 
22 
 
 
0.363 
‘Corrected’ 
axial length 
(mm) 
 
23.92 (SE 
0.35) 
 
23.90 (SE 
0.31) 
 
23.87 
(SE 
0.33) 
 
23.92 (SE 
0.35) 
 
23.90 (SE 
0.31) 
 
23.87 (SE 
0.33) 
 
0.428 
 
Table 7-9. Comparison of the average ‘measured’ (data from LenStar LS900) and 
the average ‘calculated’ crystalline lens thickness and anterior chamber depth (using 
equations 1.1 and 1.2 provided by Norrby (2005)) from 6 participants. The axial 
length has been calculated using equation 1.3 - 1.7, listed above. Statistically 
significant results are indicated with an asterisk.  
 
Figure 7-9. Average axial length for the three accommodative demand levels for all 
participants, emmetropes and myopes. Error bars represent SEM.Table 7-9. 
Compariso  of the average ‘measured’ (data fr m LenStar LS900) and the average 
‘calculated’ crystalline lens thickness and anterior chamber depth (using equations 
1.1 and 1.2 provided by Norrby (2005)) from 6 participants. The axial length has 
b en calcula ed using equation 1.3 - 1.7, listed above. Statisti ally sign ficant results 
are indicated with an asterisk.  
226 
 
error to the axial length was not statistically different between the ‘measured’ and 
‘calculated’ value as determined from a paired t-test.  
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As expected, there was a lag of accommodation at the 4 D and 8 D demand levels, as 
shown in Figure 7-10. On average the accommodative response of the myopes was 
greater for each accommodative demand level when compared to the emmetropes 
(average accommodative response for 4 D stimulus: emmetropes 3.37 D (SD 0.39), 
myopes 3.79 D (SD 0.49); average accommodative response to an 8 D stimulus 
emmetropes 6.43 D (SD 0.99), myopes 6.63 D (SD 0.82)).   
 
 
 
Figure 7-9. Average axial length for the three accommodative demand levels for all 
participants, emmetropes and myopes. Error bars represent SEM.  
 
Table A2-1. The ciliary muscle parameter during physiological accommodation for each 
accommodative demand level for 27 pre-presbyopic participants (mean ± 1 SEM).  
 
Table 7-40. The ciliary muscle parameter during physiological accommodation for each 
accommodative demand level for 4 presbyopic participants. (mean ± 2 SEM).Table 7-41. 
Th  ciliary muscle p ramet r during physiological accommodation for each accommodative 
demand level for 27 pre-presbyopic participants (mean ± 2 SEM).Figure 7-9. Average axial 
length for the three accommodative demand levels for all participants, emmetropes and 
myopes. Error bars represent SEM.  
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Figure 7-10. Average stimulus-response curve for the whole cohort (green), myopes 
(blue) and emmetropes (red). The linear line (black) represents the condition where the 
accommodative response is equal to the accommodative demand. 
 
7.4. Discussion  
 
The present investigation is the first to document the changes to retinal contour during 
accommodation. The findings reveal an invariant homogenous increase in retinal 
sagittal height during accommodation along the central 14 mm of the posterior pole, for 
both the horizontal and vertical meridians, which was independent of refractive error. 
Furthermore, accommodation revealed an insignificant effect on axial length changes. 
Overall, the results suggest that maximum elongation does not appear to occur at the 
fovea, a datum that is often used as the location for investigating the effect of 
accommodation at the posterior eye, but rather within the inferior-nasal retina. 
 
The mechanism of accommodation has generally been discussed in relation to the 
anterior eye and the changes to the accommodative apparatus, as highlighted in 
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Chapter 1 (section 1.3). However, our knowledge of the consequential changes to the 
posterior eye during accommodation, is limited. The results in the present study have 
highlighted that the posterior pole is also influenced by accommodation, and although 
the alteration is evident along the complete posterior pole, the greatest elongation is 
apparent within the inferior nasal region. Such a finding is of interest especially since 
inferior gaze and convergence occurs during every day near vision tasks. Indeed, a 
significant increase in axial length has been demonstrated during infero-nasal gaze for 
both emmetropic and myopic refractive groups (Ghosh et al., 2012), and thus, is further 
supported by the present investigation.  
 
Interestingly, the results reveal an invariant effect of accommodation on axial length 
changes, which is in contrast to the findings of previous researchers (Drexler et al., 
1998b; Mallen et al., 2006; Read et al., 2010a; Deshpande, 2012; Woodman et al., 
2011; Woodman et al., 2012; Zhong et al., 2014). Although a transient axial elongation 
was evident during accommodation between the 0 D and 8 D demand level for the 
whole cohort, sub-dividing the cohort into refractive groups indicated a general 
shortening of axial length during accommodation in the myopic group, which is in 
agreement with Drexler et al (1998b). Moreover, the variation in axial length changes 
further support previous research by Deshpande (2012) who also reported a reduction 
in the axial length with accommodation in twenty participants, although the refractive 
error of the cohort was not reported. In addition, the data reported by Mallen et al 
(2006) also suggest a reduction to the axial length during accommodation, specifically 
for the lowest accommodative level tested (2 D).  
 
Furthermore, the lack of significance for refractive error effect on axial length changes 
during accommodation is in agreement with Woodman and colleagues (2011, 2012) 
whose myopic cohort (see Table 7-1) had a magnitude similar to that in the present 
study. The authors did not find a significant difference to the axial length changes 
between refractive error groups when using the LenStar (average myopic refractive 
error -2.90 ± 1.57 D; Woodman et al., 2012), or the IOLMaster (average refractive error 
of the myopic subjects -3.11 ± 2.24 D; Woodman et al., 2011). Subdividing the data for 
the myopic cohort in the current investigation, into stable and progressing myopes, 
revealed the axial length of stables myopes reduced between relaxed and 8 D 
accommodative demand level, whereas the progressing myopes showed an axial 
elongation. However, Woodman and colleagues (2011) reported greater axial length 
changes 10 minutes after a prolonged near task for progressing myopes (-0.002 ± 
0.017 mm). These differences in results could be attributed to the duration of the near 
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task, although, further analysis of the Woodman and colleagues (2011) data suggest 
there was a greater reduction in the axial length within the stable myopes immediately 
post-task as well as 10 minutes after (stable myopes: 0 minutes post-task 0.014 ± 
0.018 mm, 10 minutes post task 0.001 mm ± 0.021; progressing myopes: 0 minutes 
post-task 0.031 mm ± 0.022, 10 minutes post-task -0.002 mm ± 0.017).  
 
The IOLMaster obtains the path length from the anterior corneal surface to the retinal 
pigment epithelium, and thus, the results from the present study can be used to 
describe the retinal shape across the horizontal and vertical meridians. Overall, during 
relaxed accommodation, data for both emmetropic and myopic eyes considered 
together along the horizontal meridian, showed the retinal shape was a prolate ellipse 
(-1< Q< 0), whereas considering refractive groups separately indicated emmetropes 
have a prolate ellipse and myopes a hyperboloid (Q < -1) retinal shape. In contrast, the 
data for the whole cohort considered together along the vertical meridian revealed a 
retinal shape which was a prolate ellipse. The difference in retinal shape along the 
horizontal and vertical meridians is attributed to the differences in retinal shape for 
myopic eyes alone, which exhibited a prolate shape whereas emmetropic eyes 
remained prolate along the vertical meridian. These results differ from previous 
research which have used a range of optical (Cheng et al., 1992; Schmid, 2003b) and 
non-optical methods (Mutti et al., 2000; Logan et al., 2004) to measure ocular shape, 
and generally report myopic eyes exhibit a prolate shape. Also, a study which 
investigated retinal shape using MRI suggests myopic and emmetropic retinal surfaces 
are oblate and become less oblate, as myopia progresses, especially within the 
horizontal meridian (Atchison et al., 2005).  Perhaps the lack of agreement for ocular 
shape between the current research and previous studies may be due to the 
techniques employed. Mutti et al. (2000) concluded their findings based on two 
peripheral refraction measurements, and perhaps, their results may not provide 
information about the overall profile for ocular shape. Logan and colleagues (2004) 
also obtained measurements of ocular shape derived from peripheral refraction along 
the horizontal meridian, therefore, their data are likely to represent retinal shape. They 
obtained data up to 60° field angles, which was greater than possible for the present 
study. The authors reported a greater prolate shape in eyes with the greatest level of 
myopia, but, interestingly, the authors also reported ethnic differences, with larger and 
more symmetrical changes in the ocular shape of Chinese participants, when 
compared to White adults. Indeed, moderate myopes (ametropia less than -2.50 D) of 
East Asian ethnicity show a more prolate ocular shape in comparison to moderate 
myopes of White ethnicity, along the horizontal meridian, whereas low myopes 
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(ametropia between -0.50 D and -2.49 D) exhibit a spherical ocular shape (Kang et al., 
2010). Interestingly, ethnic variation and the degree of myopia studied may also explain 
the lack of agreement in the findings for ocular shape between the current investigation 
and previous research.  
 
Between relaxed and active accommodation, there was an alteration to retinal shape 
across the horizontal and vertical meridians. Results for the whole cohort, along the 
horizontal meridian, reveal the retinal shape became hyperboloid during 
accommodation. Subdivision of the cohort into refractive groups indicates a change to 
the retinal shape for the myopic cohort from a hyperboloid to a prolate ellipse, whereas 
the retinal shape of the emmetropic eyes remains prolate. During accommodation, the 
retinal shape of the myopic eyes also alters along the vertical meridian to an oblate (Q 
> 0) retinal shape. Interestingly, the ocular shape of the emmetropic cohort also varies 
from the initial prolate ellipse to a hyperboloid during accommodation. A prolate ocular 
shape during accommodation has been reported by Walker and Mutti (2002), who 
observed a hyperopic shift in the peripheral refraction from 30° of the nasal retina when 
3 D accommodative demand was stimulated in 22 subjects. Therefore, in agreement 
with Walker and Mutti (2002), the present study also generally shows a change to a 
prolate retinal shape during accommodation along the horizontal meridian for the 
emmetropic and myopic participants. However, it is interesting that a greater 
accommodative effect appears to occur along the vertical meridian for emmetropic 
eyes, whereas accommodation alters the retinal shape for both meridians within 
myopic eyes. Therefore, further research is warranted to establish the importance of 
the vertical meridian during accommodation.  
 
Hitherto, the exact mechanisms responsible for the structural ocular changes, which 
lead to axial length changes during accommodation, are still unknown. The findings 
from Chapter 6, indicated a contractile shortening and anterior thickening of the ciliary 
muscle, which was asymmetric along the horizontal and vertical meridian. Yet, the 
asymmetry in ciliary muscle morphology during accommodation is not evident at the 
posterior pole, as found from the present investigation. The results reported for the 
current investigation indicate a homogenous elongation across the posterior pole with 
accommodation, across both the horizontal and vertical meridians, therefore 
suggesting an exertion of vitreous pressure on the sclera. Although Coleman (1970) 
proposed a vitreal involvement during accommodation, the author hypothesised the 
vitreous would move forward rather than towards the posterior pole. However, the 
results from this present study disprove Coleman’s theory, since an elongation rather 
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than a homogenous shortening was observed. Nevertheless, it is possible that the 
vitreous is involved in accommodation especially since evidence from recent research 
has revealed zonular fibres are present within the vitreous (Croft et al., 2013a). 
Moreover, recent evidence suggests vitrectomy in pre-presbyopic eyes reduces the 
accommodative amplitude (Kim et al., 2015). The possible mechanism resulting in the 
findings reported for this study are probably due to a combination of accommodative 
changes within the anterior segment and their influence on the vitreous. Studies have 
indicated a backward movement of the posterior lens surface, during accommodation 
(e.g. Garner and Yap, 1997). Therefore, one may hypothesise that the posterior 
movement of the lens could exert pressure onto the vitreous which applies a force to 
the retinal surface and, thus, producing the homogenous elongation evident from this 
study. This seems likely considering a backward movement of the anterior hyaloid has 
been reported during accommodation (Croft et al., 2013a).  
 
It is plausible that the increase in axial length during accommodation reported in the 
literature could result from the centripetal movement of the choroid and sclera during 
contraction of the ciliary muscle, therefore, leading to elongation of the posterior pole in 
order to maintain a constant ocular volume (Drexler et al., 1998b; Mallen et al., 2006). 
However, the results in the current study did not reveal a significant effect of 
accommodation on the retinal sagittal height across 14 mm of the posterior pole, and 
no change to the sagittal height at the fovea, indicating the reduction to the scleral 
circumference during ciliary muscle contraction is unlikely to produce the increased 
axial elongation observed during accommodation. Also, Woodman et al (2012) 
suggested such a mechanism is unlikely, since their results for axial length changes 
during a prolonged near vision task, did not reveal a direct correlation between the 
ciliary muscle contraction and crystalline lens thickness between accommodation and 
disaccommodation; rather their results indicated the lens thickness returned to baseline 
levels with disaccommodation, whereas the axial length did not for myopic subjects, 
Therefore, other mechanisms such as alterations to the choroidal thickness during 
accommodation maybe be involved.  
 
It is difficult to discern whether the increase in sagittal height as well as the axial 
elongation are due to scleral or choroidal biomechanics. Choroidal thinning at the 
visual axis in response to hyperopic defocus has been documented in humans (Read 
et al., 2010b), however, only a 38% contribution of the choroidal thickness to the 
magnitude of the axial length increase with accommodation, has been reported 
(Woodman et al., 2012) with significant thinning of the choroid only occurring in myopic 
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subjects. Animal studies have shown that the thickness of the choroid can change 
depending on the visual stimulus presented (e.g. Wildsoet and Wallman, 1995). Chick 
(Wallman et al., 1995), rhesus monkeys (Hung et al., 2000) and tree-shrews (McBrien 
et al., 2000) are able to compensate for blur and defocus by modifying the axial length 
which can be achieved through physiological processes either by remodelling the 
sclera at the posterior pole (McBrien et al., 2000) or altering the choroidal thickness 
(Wallman et al., 1995; Wildsoet and Wallman, 1995; Troilo et al., 2000), therefore, 
moving the retina towards the image plane. For example, a chick eye is able to recover 
from myopic defocus or form deprivation myopia via thickening of the choroid. Wallman 
and colleagues (Wallman et al., 1995) located the thickness variations of the choroid to 
the outer choroid, which is adjacent to the sclera, and revealed that thicker choroids 
have larger lacunae and a greater cross-sectional area. Although it appears that the 
choroid regulates the scleral response in avian eyes (Wallman et al., 1995), the 
magnitude of the choroidal changes seem to be smaller in primates than in chick eyes 
possibly due to anatomical variances between the species (Hung et al., 2000). Thus, 
other biomechanical properties may contribute to the elongation of the retinal contour 
observed in our study, particularly between the emmetropic and myopic cohort, such as 
scleral properties.  
 
The greater increase to the sagittal height during accommodation within the nasal and 
inferior retina may be due to the greater elasticity of the sclera (Phillips and McBrien, 
1995) in these quadrants, in combination of the presumed choroidal thinning which has 
been shown to result from hyperopic defocus. The thickness of the sclera is not uniform 
and varies across the globe; the greatest thickness occurs at the posterior pole 
(Watson and Young, 2004; Norman et al., 2010; Vurgese et al., 2012) and thinnest 
regions at the insertion of the extraocular muscles (Watson and Young, 2004) and the 
equator. Eyes with longer axial lengths have been shown to have a thinner sclera 
(McBrien and Gentle, 2003; Norman et al., 2010; Vurgese et al., 2012) and choroid 
(Fujiwara et al., 2009), specifically at the posterior pole. Although the sclera is 
comprised of various protein components including collagen fibrils and elastin (McBrien 
and Gentle, 2003; Watson and Young, 2004, Pijanka et al., 2012), there are 
suggestions that mechanical stretching or compression of the sclera probably does not 
produce the scleral thinning in axially longer eyes, but rather there may be an alteration 
to the scleral volume and a possible loss of tissue within the posterior region of the eye 
(Norman et al., 2010). Animal models for myopia suggest the scleral thinning may 
occur from a reduced production of extracellular matrix within the sclera (Norton and 
Rada, 1995) and an alteration in regulatory factors of the myofibroblasts which contract 
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the scleral matrix (McBrien et al., 2009). Furthermore, scleral resistance may also 
correlate with scleral thickness (Patel, 2010) Thus, the differences in scleral structure 
between emmetropic and myopic eyes could have produced the differences noted in 
this study.  
 
In-vitro studies of monkey scleral tissue suggests it is anisotropic (Girard et al., 2009; 
Girard et al., 2011), whereas there is conflict as to whether the human sclera is 
isotropic (Eilaghi et al., 2010) or anisotropic (Bisplinghoff et al., 2009; Pijanka et al., 
2012) possibly due to the tissue samples used in the studies (glaucomatous or normal 
tissue). Nevertheless, the vertical meridian of the sclera has been shown to withstand 
more strain and compressing the sclera is easier than stretching the structure 
longitudinally (Battaglioli and Kamm, 1984). Also, the equatorial region of the human 
sclera has a greater stiffness (Bisplinghoff et al., 2009), although an animal model for 
scleral stiffness suggests the stiffness is similar along the horizontal and vertical 
meridian (Lari et al., 2012). Considering, there were no differences to the sagittal height 
between the horizontal and vertical meridians for all participants or between the 
refractive error groups, suggests the stiffness of the sclera is similar in both meridians. 
It could also be that similar mechanisms regulate the change to the retinal sagittal 
height with accommodation in both meridians. However, measurement of the axial 
length during inferior gaze alone, also produces a significant increase when compared 
to head movement alone, suggesting axial length measurements at different angles of 
gaze may be influenced by extraocular muscles (Ghosh et al., 2012). 
 
Having considered the principle findings from the data, it is also important to recognise 
the potential limitations of the study. A semi-customised eye model based on the 
Navarro eye model was used in combination with the participants’ corneal topography 
to calculate the conic curves of the retina assuming the profiles were regular for each 
participant. Furthermore, the assumption of a regular retinal profile has also been made 
when collecting peripheral eye length measurements with the IOLMaster. Such 
assumptions resulted in the exclusion of 12 participants since the sagittal heights were 
greater than ±3 SD of the mean, which may have been due to irregular retinal profiles. 
The IOLMaster can be used to estimate the retinal contour if the light beam is aimed at 
the central cornea, since the path of light is more likely to pass through the nodal 
points, and is the method adopted within the current investigation. Therefore, it is 
assumed for axial length measurements that the beam from the IOLMaster is 
undeviated in its path through the eye. However, it was also assumed that the path of 
the beam passed through the nodal points for all eccentric locations measured and that 
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the instrument is able locate the retinal surface for each eccentric location, with the 
depth of the reflected light beam constant for all locations from which the eye length 
was measured.  
 
The equations stated by Norrby (2005) were used to calculate the lens thickness and 
anterior chamber depth to determine the error associated with the axial length during 
accommodation. The error calculated for the axial length was a good approximation, 
since the comparison of the axial length error revealed no statistical significance 
whether actual biometric values or the calculated biometric values were used. 
Furthermore, the error associated with the axial length during accommodation was 
similar to that of Read et al (2010a; reported error ~ 5 µm for 3 D stimulus, ~ 7 µm for 6 
D stimulus) who used biometric data from the LenStar to estimate a corrected axial 
length. In accordance with previous authors (Read et al., 2010a) an average refractive 
index for the crystalline lens thickness during accommodation based on the Gullstrand 
simplified eye was also used for the present investigation, since the change to the 
refractive index during accommodation is unclear. 
 
Moreover, it would be of interest to further investigate the accommodative changes 
within the vertical and horizontal ciliary muscle simultaneously alongside the changes 
in retinal sagittal height, to determine whether any significant relationships between the 
morphology of the anterior and posterior eye exist during accommodation. 
 
In conclusion, the results from this study indicate that accommodation produces an 
increase to the retinal sagittal height suggesting there is an elongation of the central 14 
mm of the posterior eye with accommodation, particularly in myopic eyes. Although the 
higher accommodative demand levels resulted in an axial increase when the data from 
the cohort was considered together, there was no significant refractive error effect on 
the axial changes during accommodation. Furthermore, there was no statistical 
significance of accommodation on the retinal sagittal profile, although accommodation 
produces a homogenous elongation within 14 mm of the central retina suggesting the 
pressure of the vitreous on the posterior eye during accommodation may be involved. It 
seems unlikely that a reduced scleral circumference occurs with accommodation to 
produce the axial elongation which has been suggested by previous researchers, since 
the results from our study do not indicate the maximum stretch occurs at the fovea, but 
rather the inferior-nasal quadrant. Thus, the lack of agreement between researchers 
regarding the axial elongation between refractive error groups may be a result of the 
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axial length not being the appropriate location for investigating the changes to the 
posterior eye with accommodation.   
 
7.5. Summary 
 
 The aims of the study were to investigate whether peripheral eye length alters 
with accommodation, whether the effect of accommodation is homogenous 
across the retina and if the maximum change in eye length occurs at the fovea 
or at another eccentric location, within emmetropic and myopic eyes 
 The main findings were: 
o There is an invariant homogenous elongation of the posterior pole in the 
vertical and horizontal meridians 
o However, the results suggest the greatest elongation during 
accommodation does not occur at the fovea, but rather the inferior-nasal 
retina 
o There was no significant effect of accommodation on axial length  
o There were no significant differences in the axial elongation or the 
homogenous expansion along the posterior pole between emmetropes 
and myopes 
 The findings suggest: 
o Peripheral eye length alters with accommodation although the 
homogenous elongation is not significant between the horizontal and 
vertical meridian or between refractive error groups 
o The homoegenous expansion of the posterior pole suggests thre is a 
vireal involvement during accommodation, however, the results 
disproves Coleman’s theory for accommodation. Rather, the results 
indicate the vitreous is likely to push against the sclera/choroid 
o The greatest effect of accommodation occurs within the inferior-nasal 
quadrant rather than the fovea 
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Chapter 8. Conclusions and future research 
 
8.1. General conclusion  
 
The accommodative apparatus has been investigated for over a century, and although 
our understanding of the mechanisms involved which elicit an accommodative 
response has improved, the exact process is still unknown. The ciliary muscle is a 
primary structure within the accommodative apparatus, however, there is still a paucity 
of literature relating to the in-vivo structural changes that occur during accommodation. 
The primary aim of this thesis was to explore the ocular changes which during 
physiological and pharmacological stimulation of the accommodative aparatus, with 
particular interest in the morphology of the ciliary muscle. In addition, the ciliary muscle 
assymetry was investigated to determine whether differences in the morphology and 
contractility occurs between the vertical and horizontal meridian. Moreover, the 
possible effect of accommodation at the posterior eye was also studied.  
 
Prior to the studies investigating ciliary muscle morphology, it was of interest to 
determine the most appropriate target for eliciting accurate accommodative responses, 
considering various targets are often used in accommodation research. 
Accommodative responses to the most commomly used targets in research relating to 
ocular accommodation (letter or Maltese cross) have not been investigated before, yet, 
the suggestion of differences in accommodative amplitude with different target choices 
has previously been reported (Win-Hall et al., 2007). Consequently, the aim of Chapter 
3 was to establish whether accommodative responses to a Maltese cross were 
significantly different to a letter target, for youthful emmetropic and myopic participants. 
Objective accommodative responses were obtained with the Grand Seiko WAM 5500 
autorefractor, for each dioptre of accommodative demand level between 1 and 8 D. 
The results suggested both a letter target and Maltese cross target are adequate 
choices for accommodation research, nevertheless, there is a greater lag of 
accommodative responses in myopic eyes when a Maltese cross target is used.   
 
AS-OCT was utilised to image the ciliary muscle in-vivo enabling acquisition of high 
resolution images, which were analysed using semi-automated software (Laughton et 
al., 2015). In Chapter 4, the contractility and mobility of the ciliary muscle was 
investigated in emmetropic participants during relaxed and active accommodation. 
Furthermore, ocular biometry was analysed and the findings of an increased lenticular 
thickness and reduced anterior chamber depth (Charman, 2008) was documented, 
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which supported previous studies (e.g. Dubbelman et al., 2001).  An anterior thickening 
and contractile shortening of the ciliary muscle was also reported which is in agreement 
with previous research that has also employed AS-OCT (Sheppard and Davies, 
2010b). The effect of the pharmacological agents tropicamide 1% and cyclopentolate 
hydrochloride 1% were investigated to determine which regions of the muscle are 
primarily involved in accommodation. The findings revealed both anti-muscarinic 
agents reduced the mobility of the muscle, with the greatest effect evident with 
cyclopentolate. Interestingly, a centripetal movement of the muscle was still possible 
when tropicamide was used, which possibly explains the greater residual 
accommodation that was found after tropicamide instillation, in comparison to 
cyclopentolate. However, both agents reduced the ability of the muscle to thicken and 
shorten, when accommodation was simulated. The findings suggests circular fibres 
produce the anterior thickening and centripetal movement of the muscle, and the radial 
and longitudinal fibres also have a role in accommodation to produce the forward shift 
of the muscle during accommodation.  
 
The contraction and mobility of the pre-presbyopic and presbyopic ciliary muscle of 
emmetropic participants was investigated using pilocarpine in Chapter 5. Pilocarpine 
has often been inferred as a super-stimulus for accommodation (Koeppl et al., 2005a), 
therefore the agent was employed in this study to induce maximum ciliary muscle 
contractility. The data highlighted variability in accommodative responses between 
participants, but, it was evident that pilocarpine produced a significant anterior 
thickening and posterior thinning of the muscle in pre-presbyopic eyes, but not 
presbyopic eyes. The findings support von Helmholtz’s theory of accommodation, and 
also suggest the contractility of the presbyopic ciliary muscle is preserved, which 
further provides support for lenticular theories for the pathogenesis of presbyopia. 
Comparison of pilocarpine data from a sub-group of pre-presbyopic participants from 
Chapter 4, indicated that the forward movement of the ciliary muscle seems to have an 
essential role during accommodation, which may be essential for high accommodative 
amplitudes.    
 
Ciliary muscle asymmetry has previously been documented in-vivo for rhesus monkeys 
(Glasser et al., 2001) and humans (Sheppard and Davies, 2010b). Hitherto, the 
research on the ciliary muscle during accommodation has generally been documented 
for the horizontal meridian. Chapter 6 explored the morphology of the ciliary muscle 
within the nasal, temporal, inferior and superior quadrants using AS-OCT, and 
interestingly, the findings indicated that the thickness and length of the ciliary muscle 
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varies with axial length within all quadrants, except the inferior. The findings were 
related to the globe shape and dimensions. Moreover, the anterior thickening and 
contractile shortening was evident within all regions of the ciliary muscle during 
accommodation suggesting the asymmetry documented in morphology, does not alter 
the ability of the muscle to contract in response to an accommodative stimulus.  
 
Minimal research has been conducted relating to the effect of accommodation at the 
posterior eye. Recent studies (e.g. Woddman et al., 2012) have investigated changes 
to the axial length with accommodation, presuming the axial length is the main location 
for accommodative changes. The effect of accommodation on posterior eye 
conformation was studied in Chapter 7, to determine whether the axial length is the 
most approprtiate location to investigate accommodative changes. The results suggest 
there is an invariant homogenous elongation of the retinal contour along the horizontal 
and vertical meridians during accommodation, which is evident for myopic and 
emmetropic eyes. Furthermore, the greatest elongation appears to occur within the 
inferior nasal quadrant. Previous research has proposed the vitreous has a role in 
acommodation (Coleman, 1986), and considering recent evidence has also 
documented the existence of vitreous zonules (Croft et al., 2013a), the homogenous 
expansion reported in this chapter, may be due to the vitreous exerting pressure onto 
the retina, during accommodation.  
8.2. Future research 
 
Phamacological agents and their effect on the ciliary muscle contractility and mobility 
has provided further insights into the role of the ciliary muscle during accommodation. 
The studies within the thesis have revealed that a forward movement of the ciliary 
muscle, rather than centripetal movement alone, is required to elicit high 
accommodative amplitudes. Evidence from rhesus monkeys suggests the mobility of 
the ciliary muscle reduces with increasing age due to the stiffening of the choroid. 
Consequently, reports of vitreous zonules in human eyes indicates the posterior eye 
has a role in accommodation, and further research is required to determine whether 
alteration to the posterior eye morphology occurs with increasing age in humans, which 
may restrict the anterior movement of the ciliary muscle. Such reseach may elucidate a 
vitreal role in the pathogenesis of presbyopia. Considering the ciliary muscle 
morphology was investigated with pharmacological agents in emmetropic eyes, further 
research is required for individuals with ametropia. Of particular interest would be the 
comparison of emmetropic data to myopic participants, especially since reports of 
differences have been documented in children.   
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Further investigation of the differences in ciliary muscle contractility between anti-
muscarinic agents and pilocarpine, is required, to confirm the findings of the sub-group 
data in Chapter 4. Comparison with presbyopes is also warranted to further establish 
the ciliary muscle fibre groups that are involved in accommodation.  
 
Moreover, the vitreous may have a greater role in the accommodative mechanism than 
previously thought. Future research investigating whether the homogenous expansion 
is evident in presbyopes would be of interest, and comparison with the pre-presbyopic 
data reported herein, would enhance our understanding for the relevance of the 
posterior eye in accommodation. Moreover, the cause for the variation in the ciliary 
muscle within the inferior, nasal, superior and temporal quadrants, should be further 
explored especially in relation to ocular shape and ametropia. 
8.3. Concluding statement 
 
The studies presented in this thesis are the first to document the in-vivo alteration to 
the ciliary muscle morphology with pharmacological agents, as well as exploring the 
ciliary muscle asymmetry and providing support for the role of the posterior eye in 
accommodation.The significance of the anterior thickening and forward movement of 
the ciliary muscle has been demonstrated, which supports von Helmholtz’s theory of 
accommodation. Most interestingly, the findings suggest further research is required to 
determine whether a similar mechanism for presbyopia development occurs in humans 
as it does in rhesus monkeys. Considering current methods of presbyopia reversal 
have generally been unsuccessful, the outcomes of the thesis will inform future 
research for the development of newer methods for presbyopia correction.  
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APPENDICES 
Appendix 1.  
Tables showing the data obtained for Chapter 4.  
 
 
 
Table A1-1. The measurement of ciliary muscle parameter (µm) during relaxed accommodation at baseline (0) and every 10 minutes  
post-instillation of tropicamide. The results are shown as the mean ± 1 SEM.  
 
 
Ciliary  muscle parameter 
 
Time (mins) 
Baseline (0) 
10 minutes post-
instillation  
20 minutes post 
instillation 
30 minutes post-
instillation 
40 minutes post-
instillation  
CMT1 618.5 (SE 5.1) 622.4 (SE 6.8) 626.6 (SE 4.8) 630.2 (SE 7.0) 628.2 (SE 5.9) 
CMT2 418.6 (SE 6.7) 419.0 (SE 6.8) 426.8 (SE 5.5) 426.6 (SE 7.1) 426.0 (SE 7.2) 
CMT3 256.2 (SE 8.0) 256.0 (SE 6.7) 263.6 (SE 7.0) 263.6 (SE 7.9) 262.4 (SE 8.0) 
CM25 523.0 (SE 8.2) 531.7 (SE 7.5) 544.9 (SE 7.8) 533.9 (SE 5.9) 541.9 (SE 6.5) 
CM50 272.9 (SE 10.0) 283.1 (SE 8.8) 298.3 (SE 9.4) 278.1 (SE 7.6) 289.7 (SE 8.5) 
CM75 111.4 (SE 6.3) 120.0 (SE 5.7) 126.2 (SE 6.0) 113.1 (SE 4.9) 122.0 (SE 6.7) 
CMMAX 601.4 (SE 4.1) 599.1 (SE 5.3) 605.8 (SE 4.1) 610.3 (SE 5.8) 607.4 (SE 5.1) 
SS-IA 1178.6 (SE 11.5) 1203.3 (SE 14.2) 1190.2 (SE 9.4) 1191.6 (SE 13.1) 1185.1 (SE 13.8) 
SS-CM 1036.0 (SE 13.3) 1059.5 (SE 18.0) 1046.9 (SE 12.8) 1049.6 (SE 14.4) 1044.0 (SE 15.0) 
CMLength Arc 5884.6 (SE 149.5) 5698.9 (SE 128.2) 5613.8 (SE 149.8) 5865.1 (SE 141.8) 5691.7 (SE 133.8) 
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Table A1-2. The measurement of ciliary muscle parameter (µm) during relaxed accommodation at baseline (0) and every 10 minutes  
post-instillation of cyclopentolate. The results are shown as the mean ± 1 SEM.  
 
 
 
 
 
 
 
 
 
Ciliary muscle 
parameter 
Time (mins) 
Baseline (0) 
10 minutes 
post-instillation  
20 minutes post 
instillation 
30 minutes 
post-instillation 
40 minutes 
post-instillation  
50 minutes 
post-instillation 
CMT1 618.5 (SE 5.1) 609.2 (SE 8.9) 622.5 (SE 6.9) 623.0 (SE 6.9) 627.6 (SE 6.5) 625.6 (SE 6.4) 
CMT2 418.6 (SE 6.7) 412.5 (SE 7.8) 418.5 (SE 6.9) 423.2 (SE 6.3) 426.4 (SE 6.8) 425.8 (SE 6.9) 
CMT3 256.2 (SE 8.0) 254.2 (SE 8.5) 254.9 (SE 7.5) 262.7 (SE 7.4) 263.5 (SE 7.3) 260.3 (SE 8.2) 
CM25 523.0 (SE 8.2) 530.9 (SE 8.2) 543.8 (SE 7.4) 537.7 (SE 6.7) 542.8 (SE 6.8) 543.4 (SE 7.2) 
CM50 272.9 (SE 10.0) 288.3 (SE 8.9) 298.7 (SE 9.6) 292.3 (SE 9.1) 292.6 (SE 8.7) 296.0 (SE 8.9) 
CM75 111.4 (SE 6.3) 126.6 (SE 6.4) 134.1 (SE 7.1) 128.7 (SE 6.8) 126.1 (SE 5.9) 125.3 (SE 5.9) 
CMMAX 601.4 (SE 4.1) 591.2 (SE 6.9) 603.3 (SE 5.9) 600.7 (SE 5.4) 605.5 (SE 4.9) 605.2 (SE 5.5) 
SS-IA 
1176.3 
(SE 12.0) 
1168.7  
(SE 15.5) 
1183.2  
(SE 10.0) 
1192.8  
(SE 12.1) 
1198.4  
(SE 10.7) 
1189.2  
(SE 11.4) 
SS-CM 
1036.0 
(SE 13.3) 
1031.5  
(SE 16.4) 
1039.8  
(SE 10.1) 
1056.1  
(SE 13.3) 
1057.1  
(SE 11.4) 
1047.6  
(SE 12.8) 
CMLength Arc 
5884.6  
(SE 149.5) 
5572.7  
(SE 117.0) 
5477.9  
(SE 130.0) 
5646.1  
(SE 121.6) 
5655.6  
(SE 137.9) 
5594.0  
(SE 109.9) 
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Table A1-3. The change to the ciliary muscle parameter (measurement at the maximum objective accommodative amplitude - 
measurement during relaxed accommodation; µm) at baseline and every 10 minutes post-instillation of tropicamide. The results are 
shown as the mean ± 1 SEM. 
Change in ciliary muscle 
parameter (µm) between 
maximum accommodation 
and relaxed 
accommodation 
Time (mins) 
Baseline (0) 
10 minutes post-
instillation  
20 minutes post 
instillation 
30 minutes post-
instillation 
40 minutes post-
instillation  
CMT1 6.1 (SE 7.0) -5.3 (SE 6.2) -19.0 (SE 5.1) -14.1 (SE 7.1) -4.9 (SE 8.9) 
CMT2 -19.3 (SE 6.3) 0.7 (SE 4.4) -14.0 (SE 3.9) -9.0 (SE 5.2) -1.1 (SE 5.9) 
CMT3 -31.9 (SE 6.1) 2.4 (SE 4.1) -11.2 (SE 4.0) -9.4 (SE 5.3) -5.8 (SE 6.2) 
CM25 22.2 (SE 9.7) -0.2 (SE 7.5) -25.5 (SE 6.1) -7.0 (SE 5.9) -7.5 (SE 10.5) 
CM50 12.5 (SE 11.5) 1.1 (SE 9.3) -24.8 (SE 9.3) -2.0 (SE 8.2) -5.7 (SE 12.3) 
CM75 8.0 (SE 8.0) -0.4 (SE 6.5) -12.6 (SE 6.3) -1.2 (SE 5.1) -5.4 (SE 8.9) 
CMMAX 8.9 (SE 5.2) 0.5 (SE 5.1) -9.3 (SE 3.9) -5.7 (SE 5.9) 3.6 (SE 6.7) 
SS-IA -14.0 (SE 13.7) -25.3 (SE 10.7) -33.4 (SE 9.2) -34.9 (SE 14.1) -15.3 (SE 17.9) 
SS-CM -25.2 (SE 14.9) -24.7 (SE 12.8) -34.4 (SE 11.7) -40.2 (13.9) -27.0 (SE 17.0) 
CMLength Arc -520.3 (SE 140.5) 21.7 (SE 136.9) 178.3 (SE 135.1) -115.3 (SE 104.8) 70.5 (SE 158.3) 
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Table A1-4. The change to the ciliary muscle parameter (measurement at the maximum objective accommodative amplitude -
measurement during relaxed accommodation; µm) at baseline and every 10 minutes post-instillation of cyclopentolate. The results are 
shown as the mean (± 1 SEM).  
 
 
 
 
 
 
Change in ciliary 
muscle parameter (µm) 
between maximum 
accommodation and 
relaxed accommodation 
 Time (mins) 
Baseline (0) 
10 minutes 
post-instillation  
20 minutes post 
instillation 
30 minutes 
post-instillation 
40 minutes 
post-instillation  
50 minutes post-
instillation 
CMT1 6.0 (SE 7.0) 12.5 (SE 7.3) -6.0 (SE 6.9) -1.9 (SE 5.3) -12.3 (SE 7.5) -3.2 (SE 6.6) 
CMT2 -19.3 (SE 6.3) 7.8 (SE 6.1) -3.1 (SE 4.7) -2.1 (SE 3.8) -8.2 (SE 4.7) -5.1 (SE 5.9) 
CMT3 -31.8 (SE 6.1) 2.8 (SE 5.3) 0.4 (SE 4.8) -4.6 (SE 4.1) -5.9 (SE 4.2) -2.9 (SE 5.9) 
CM25 22.2 (SE 9.7) 5.6 (SE 7.1) -17.8 (SE 6.1) -1.8 (SE 5.8) -4.2 (SE 6.0) -7.5 (SE 5.1) 
CM50 12.5 (SE 11.5) -3.1 (SE 8.4) -21.0 (SE 8.3) -6.5 (SE 7.0) 0.8 (SE 7.5) -8.4 (SE 7.2) 
CM75 8.0 (SE 8.0) -6.8 (SE 5.3) -16.1 (SE 5.5) -7.3 (SE 4.5) 0.5 (SE 5.2) -2.7 (SE 5.0) 
CMMAX 8.9 (SE 5.2) 14.3 (SE 5.4) -5.8 (SE 5.7) 4.0 (SE 3.9) -6.0 (SE 4.6) -2.5 (SE 5.2) 
SS-IA -14.0 (SE 14.1) 7.7 (SE 13.9) -0.4 (SE 9.7) -12.8 (SE 11.7) -29.6 (SE 14.1) -1.5 (SE 12.2) 
SS-CM -25.2 (SE 14.9) -1.1 (SE 15.0) 0.7 (SE 10.5) -21.7 (SE 14.1) -33.1 (SE 15.1) -4.1 (SE 13.7) 
CMLength Arc 
-520.3 (SE 
140.5) 
94.0 (SE 102.4) 293.9 (SE 88.0) 27.0 (SE 87.0) -104.1 (SE 99.2) 
64.4 (SE 103.0) 
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Appendix 2. 
Tables showing the data obtained for Chapter 5.  
 
Ciliary muscle 
parameter (µm) 
Accommodative demand (D) 
0 1 2 3 4 5 6 7 
CMT1 
610.3  
(SE 8.9) 
609.6 
(SE 7.8) 
612.7 
(SE 8.6) 
622.6  
(SE 8.0) 
617.5 
(SE 7.8) 
615.7  
(SE 7.3) 
628.1 
(SE 9.3) 
617.0 
(SE 6.3) 
CMT2 
420. 1 
(SE 9.5) 
416.9  
(SE 9.8) 
414.3  
(SE 10.5) 
421.2  
(SE 9.6) 
415.8 
(SE 8.3) 
415.3  
(SE 9.9) 
417.7  
(SE 10.6) 
410.1  
(SE 9.8) 
CMT3 
254.6  
(SE 10.5) 
253.0  
(SE 10.2) 
249.5  
(SE 10.5) 
250.7  
(SE 10.1) 
243.6  
(SE 8.6) 
238.7  
(SE 10.4) 
234.9  
(SE 11.5) 
225.9  
(SE 10.1) 
CM25 
575.7  
(SE 6.9) 
572.8  
(SE 6.8) 
575.9  
(SE 7.9)  
589.6  
(SE 6.0) 
581. 4  
(SE 7.2) 
588.3 
(SE 5.9) 
600.9  
(SE 7.3) 
594.0  
(SE 6.3) 
CM50 
356.6 
(SE 6.3) 
351.4 
(SE 5.9) 
352.5 
(SE 8.4) 
364.4  
(SE 6.9) 
357.6  
(SE 8.0) 
366.5  
(SE 6.5) 
371.0  
(SE 8.1) 
367.6  
(SE 8.3) 
CM75 
176.0  
(SE 4.7) 
173.3  
(SE 3.7) 
176.2  
(SE 5.6) 
182.5  
(SE 5.1) 
173.9  
(SE 6.1) 
178.2  
(SE 4.8) 
179.9  
(SE 7.2) 
174.2  
(SE 6.1) 
CMMax 
580.2  
(SE 7.3) 
581.3  
(SE 6.7) 
586.5  
(SE 7.6) 
597.5  
(SE 6.9) 
593.1 
(SE 6.4) 
595.4 
(SE 6.5) 
602.0  
(SE 7.6) 
596.3  
(SE 5.6) 
SS-IA 
1226.0  
(SE 17.4) 
1215.8 
(SE 15.9) 
1208.3 
(SE 13.1) 
1208.3 
(SE 14.5) 
1199.5  
(SE 12.0) 
1188.9 
(SE 12.5) 
1211.0  
(SE 15.6) 
1180.4 
(SE 11.7) 
SS-CM 
1103.1 
(SE18.1) 
1092.5  
(SE 16.6) 
1081.1 
(SE 13.5) 
1072.1  
(SE 15.9) 
1012.9  
(SE 63.3) 
1053.4  
(SE 13.2) 
1076.6  
(SE 16.5) 
1046.7  
(SE 13.6) 
CMLength Arc 
4761.1  
(SE 88.3) 
4800.6 
(SE 101.3) 
4737.8  
(SE 90.8) 
4670.2  
(SE 102.3) 
4685.4  
(SE 85.9) 
4597.1  
(SE 95.2) 
4527.3  
(SE 98.3) 
4481.2 
(SE 91.1) 
 
Table A2-1. The ciliary muscle parameter during physiological accommodation for each accommodative demand level for 27 pre-
presbyopic participants (mean ± 1 SEM).  
 
Table 0-1. The ciliary muscle parameter during physiological accommodation for each accommodative demand level for 4 presbyopic 
participants. (mean ± 2 SEM).Table 0-2. The ciliary muscle parameter during physiological accommodation for each accommodative 
demand level for 27 pre-presbyopic participants (mean ± 2 SEM).  
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Table A2-2. The ciliary muscle parameter during physiological accommodation for each accommodative demand level for 4 presbyopic 
participants. (mean ± 1 SEM). 
 
 
Ciliary muscle 
parameter (µm) 
Accommodative Demand (D) 
0 1 2 3 4 5 
CMT1 591.8 (SE 21.1) 588.6 (SE 34.2) 579.7 (SE 18.5) 575.3 (SE 14.9) 595.4 (SE 21.2) 586.2 (SE 21.1) 
CMT2 378.4 (SE 34.1) 365.2 (SE 38.6) 356.3 (SE 39.7) 341.9 (SE 34.2) 358.1 (SE 38.2) 361.3 (SE 37.0) 
CMT3 206.0 (SE 29.8) 204.9 (SE 28.9) 193.0 (SE 34.0) 175.0 (SE 33.4) 181.7 (SE 31.0) 180.6 (SE 31.2) 
CM25 570.0 (SE 22.1) 559.8 (SE 34.6) 562.4 (SE 22.1) 573.7 (SE 19.3) 592.2 (SE 22.6) 574.8 (SE 21.3) 
CM50 348.4 (SE 34.4) 319.9 (SE 31.5) 333.9 (SE 42.0) 338.7 (SE 19.2) 357.6 (SE 33.9) 342.7 (SE 26.6) 
CM75 174.6 (SE 24.0) 155.9 (SE 14.1) 164.5 (SE 31.0) 164.9 (SE 14.6) 177.8 (SE 26.8) 149.5 (SE 15.2) 
CMMax 555.0 (SE 31.8) 549.5 (SE 29.3) 543.4 (SE 24.4) 557.2 (SE 22.8) 567.4 (SE 27.8) 563.2 (SE 23.7) 
SS-IA 1218.9 (SE 40.4) 1243.1 (SE 49.9) 1222.9 (SE 37.7) 1154.8 (SE 52.0) 1185.7 (SE 69.7) 1181.3 (SE 45.9) 
SS-CM 1100.7 (SE 59.9) 1137.0 (SE 56.6) 1116.3 (SE 51.7) 1038.8 (SE 72.4) 1059.4 (SE 83.1) 1058.6 (SE 54.5) 
CMLength Arc 4342.8 (SE 69.1) 4503.2 (SE 125.6) 4276.9 (SE 127.3) 4069.4 (SE 180.4) 4086.0 (SE 180.4) 4247.8 (SE 198.8) 
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Table A2-3. The ciliary muscle parameter (mean ± 1 SEM) during pilocarpine stimulated accommodation for each time interval for 27 pre-
presbyopic participants.   
 
 
Ciliary muscle 
parameter (µm) 
Time (mins) 
10 20 30 40 50 60 
CMT1 624.9 (SE 8.2) 615.0 (SE 9.9) 616.8 (SE 6.7) 614.5 (SE 8.1) 608.6 (SE 7.4) 606.6 (SE 8.5) 
CMT2 412.3 (SE 9.3) 415.2 (SE 9.4) 405.1 (SE 10.4) 411.1 (SE 8.9) 401.4 (SE 8.2) 403.5 (SE 8.7) 
CMT3 229.1 (SE 9.5) 225.9 (SE 9.5) 223.0 (SE 10.9) 229.8 (SE 9.1) 220.6 (SE 9.6) 224.4 (SE 9.0) 
CM25 599.2 (SE 6.8) 595.7 (SE 8.8) 597.0 (SE 5.7) 597.2 (SE 7.1) 591.1 (SE 6.1) 584.4 (SE 7.1) 
CM50 370.1 (SE 6.5) 382.1 (SE 8.6) 367.5 (SE 7.0) 377.2 (SE 7.4) 369.5 (SE 5.2) 362.6 (SE 6.3) 
CM75 177.6 (SE 4.1) 185.7 (SE 6.9) 176.0 (SE 5.7) 186.6 (SE 5.9) 180.5 (SE 4.2) 175.9 (SE 4.7) 
CMMax 601.6 (SE 6.7) 593.8 (SE 8.3) 595.7 (SE 5.9) 593.3 (SE 7.4) 589.3 (SE 5.9) 587.5 (SE 7.5) 
SS-IA 1193.9 (SE 13.3) 1184.7 (SE 13.2) 1187.9 (SE 10.0) 1187.9 (SE 11.9) 1178.1 (SE 11.9) 1175.3 (SE 11.6) 
SS-CM 1057.9 (SE 13.6) 1051.9 (SE 12.7) 1054.6 (SE 10.2) 1054. 8 (SE 9.8) 1042.3 (SE 12.8) 1042.3 (SE 11.6) 
CMLength Arc 4468.1 (SE 83.92 4367.1 (SE 77.8) 4432.1 (SE 89.4) 4380.2 (SE 75.9) 4377.0 (SE 81.5) 4459.1 (SE 81.9) 
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Ciliary muscle 
parameter (µm) 
Time (mins) 
10 20 30 40 50 60 
CMT1 579.5 (SE 16.7) 571.8 (SE 28.4) 578.7 (SE 9.0) 572.0 (SE 25.0) 557.5 (SE 29.9) 560.6 (SE 28.0) 
CMT2 336.3 (SE 36.0) 337.2 (SE 37.2) 330.9 (SE 37.5) 332.6 (SE 39.1) 335.1 (SE 43.7) 334.7 (SE 43.8) 
CMT3 163.9 (SE 34.0) 157.8 (SE 26.4) 181.8 (SE 23.2) 162.8 (SE 27.4) 157.0 (SE 34.7) 173.4 (SE 34.4) 
CM25 583.9 (SE 16.0) 580.2 (SE 26.0) 604.5 (SE 20.1) 579.1 (SE 23.6) 569.1 (SE 18.9) 563.2 (SE 24.9) 
CM50 338.3 (SE 25.5) 358.9 (SE 21.6) 378.5 (SE 29.7) 345.3 (SE 32.2) 358.2 (SE 14.4) 328.4 (SE 26.0) 
CM75 161.9 (SE 20.2) 169.9 (SE 8.0) 195.9 (SE 22.9) 176.3 (SE 22.5) 167.1 (SE 6.7) 156.3 (SE 14.4) 
CMMax 564.5 (SE 20.0) 571.2 (SE 26.2) 569.5 (SE 8.7) 560.9 (SE 27.4) 556.2 (SE 26.4) 548.7 (SE 22.6) 
SS-IA 1128.9 (SE 8.6) 1089.4 (SE 26.9) 1114.2 (SE 21.5) 1103.5 (SE 14.7) 1082.3 (SE 29.4) 1123.1 (SE 43.6) 
SS-CM 1008.0 (SE 8.2) 954.8 (SE 17.0) 981.8 (SE 15.4) 977.8 (SE 27.2) 961.3 (SE 18.6) 1002.2 (SE 40.6) 
CMLength Arc 4031.9 (SE 268.5) 3896.4 (SE 229.8) 3660.6 (SE 225.9) 3901.1 (SE 103.9) 3836.8 (SE 254.2) 4116.0 (SE 278.2) 
Table A2-4. The ciliary muscle parameter (mean ± 1 SEM) during pilocarpine simulated accommodation over time for 4 presbyopic participants.  
 
Table A2-4. The ciliary muscle parameter (mean ± 1 SEM) during pilocarpine simulated accommodation over time for 4 presbyopic participants.  
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Table A2-5. The ciliary muscle parameter (mean ± 1 SEM) at each time interval post-instillation of cyclopentolate (C) and pilocarpine (P) 
for 10 participants.    
 
 
 
 
 
 
 
 
Ciliary muscle 
parameter 
(µm)  
Time (mins) 
Baseline (0) 
10 minutes post-instillation  20 minutes post instillation 30 minutes post-instillation 40 minutes post-instillation  50 minutes post-instillation 
60 minutes post-
instillation 
 C  P C P C P C P C P C P 
CMT1 601.2 (SE 5.9) 
605.0 (SE 
21.0) 
615.7 (SE 
13.4) 
602.4 (SE 
16.8) 
620.1 (SE 
19.2) 
607.9 (SE 
13.8) 
613.9 (SE 
11.0) 
613.0 (SE 
15.9) 
603.6 (SE 
14.0) 
600.1 (SE 
12.7) 
602.3 (SE 
13.0) 
- 604.4 (SE 
14.0) 
CMT2 
404.4 
(SE16.3) 
408.9 (SE 
18.5) 
404.7 (SE 
17.8) 
41.8 (SE 
15.9) 
405.8 (SE 
19.7) 
424.2 (SE 
13.0) 
400.0 (SE 
18.2) 
417.1 (SE 
15.1) 
409.8 (SE 
18.6) 
418.3 (SE 
13.5) 
388.3 (SE 
17.8) 
- 398.1 (SE 
17.3) 
CMT3 
247.4 (SE 
19.78) 
250.8 (SE 
19.3) 
220.1 (SE 
17.9) 
256.4 (SE 
15.3) 
210.4 (SE 
17.1) 
268.5 (SE 
15.8) 
212.7 (SE 
21.3) 
257.3 (SE 
15.5) 
229.1 (SE 
20.0) 
258.6 (SE 
15.3) 
208.5 (SE 
20.0) 
- 219.0 (SE 
17.5) 
CM25 
516.6 (SE 
15.8) 
527.1 (SE 
14.7) 
595.8 (SE 
6.1) 
530.8 (SE 
14.2) 
601.2 (SE 
16.3) 
532.5 (SE 
10.4) 
602.1 (SE 
7.6) 
536.0 (SE 
15.7) 
591.3 (SE 
10.5) 
527.3 (SE 
16.2) 
586.7 (SE 
8.8) 
- 582.2 (SE 
8.8) 
CM50 
260.7 (SE 
18.7) 
282.5 (SE 
15.6) 
367.2 (SE 
8.1) 
295.0 (SE 
17.9) 
375.0 (SE 
18.4) 
292.9 (SE 
17.6) 
372.6 (SE 
11.5) 
290.7 (SE 
19.6) 
380.4 (SE 
12.0) 
293.6 (SE 
19.3) 
361.1 (SE 
9.0) 
- 358.04 (SE 
11.01) 
CM75 107.8 (SE 1.3) 
129.3 (SE 
11.0) 
176.0 (SE 
7.0) 
140.9 (SE 
14.3) 
176.5 (SE 
13.7) 
139.3 (SE 
14.8) 
180.7 (SE 
12.1) 
134.4 (SE 
12.6)  
187.6 (SE 
10.2) 
131.0 (SE 
11.7) 
175.2 (SE 
6.9) 
- 171.1 (SE 
9.3) 
CMMAX 591.0 (SE 4.3) 
592.5 (SE 
17.7) 
593.9 (SE 
10.7) 
587.9 (SE 
14.3) 
596.8 (SE 
16.0) 
592.4 (SE 
10.4) 
592. 7 (SE 
8.2) 
595.8 (SE 
13.2) 
584.1 (SE 
13.6) 
585.2 (SE 
10.4) 
581.2 (SE 
10.6) 
- 581.9 (SE 
12.2) 
SS-IA 
1140.0 (SE 
19.8) 
1153.2 (SE 
25.2) 
1187.5 (SE 
26.7) 
1165.09 
(SE 23.7) 
1189.1 (SE 
23.2) 
1177.6 (SE 
27.8) 
1190.3 (SE 
18.46) 
1177.0 (SE 
20.5) 
1182.9 (SE 
12.8) 
1167.2 (SE 
21.7) 
1182.3 (SE 
18.4) 
- 1187.5 (SE 
21.6) 
SS-CM 
1008.8 (SE 
21.0) 
1012.0 (SE 
22.3) 
1058.7 (SE 
28.2) 
1025.67 
(SE 22.2) 
1054.8 (SE 
22.3) 
1045.8 (SE 
29.7) 
1063.9 (SE 
18.4) 
1039.3 (SE 
20.5) 
1061.6 (SE 
12.3) 
1034.2 (SE 
22.3) 
1056.0 (SE 
18.2) 
- 1059.5 (SE 
22.1) 
CMLength Arc 
5832.3 (SE 
326.3) 
5517.9 (SE 
260.8) 
4395.2 (SE 
162.2) 
5539.39 
(SE 257.4) 
4315.0 (SE 
142.7) 
5585.6 (SE 
265.4) 
4339.9 (SE 
209.4) 
5542.5 (SE 
316.7) 
4327.0 (SE 
140.9) 
5541.0 (SE 
230.9) 
4344.6 (SE 
181.6) 
- 4443.0 (SE 
166.9) 
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Ciliary muscle quadrant 
 
Ciliary muscle 
parameter (µm) 
Temporal Nasal Inferior Superior 
0 D 8 D 0 D 8 D 0 D 8 D 0 D 8 D 
CM LENGTH 4924.0 (SE 79.2) 4720.2 (SE 79.1) 4408.4 (SE 63.4) 4335.4 (SE 58.4) 4858.9 (SE 88.6) 4954.4 (SE 83.7) 4702.5 (SE 76.9) 
4516.1 (SE 
77.9) 
CMT1 637.6 (SE 6.9) 631.4 (SE 5.9) 610.1 (SE 5.4) 614.7 (SE 5.8) 667.7 (SE 7.4) 682.3 (SE 7.3) 621.6 (SE 5.9) 617.2 (SE 4.6) 
CMT2 448.5 (SE 7.2) 431.9 (SE 7.2) 405.4 (SE 6.1) 399.4 (SE 8.0) 496.5 (SE 10.3) 507.8 (SE 10.2) 438.6 (SE 9.4) 423.6 (SE 8.0) 
CMT3 282.1 (SE 7.3) 255.7 (SE 8.1) 227.3 (SE 7.2) 221.9 (SE 7.2) 328.8 (SE 13.2) 326.5 (SE 12.5) 276.1 (SE 10.0) 253.4 (SE 9.4) 
CM25 590.9 (SE 6.4) 594.9 (SE 5.6) 586.4 (SE 4.9) 595.2 (SE 5.2) 630.7 (SE7.1) 656.0 (SE 6.3) 588.5 (SE 5.9) 592.2 (SE 4.9) 
CM50 367.5 (SE 6.3) 365.3 (SE 5.7) 367.2 (SE 4.9) 366.4 (SE 7.3) 428.2 (SE 7.8) 450.9 (SE 7.3) 379.9 (SE 7.4) 378.9 (SE 6.5) 
CM75 182.2 (SE 4.0) 175.7 (SE 4.3) 184.2 (SE 3.9) 185.1 (SE 5.5) 231.1 (SE 6.0) 241.6 (SE 6.0) 200.3 (SE 4.8) 198.7 (SE 4.4) 
CMMAX 599.0 (SE 6.1) 605.7 (SE 4.5) 586.2 (SE 4.7) 595.2 (SE 5.4) 622.9 (SE 6.7) 647.0 (SE 6.1) 587.9 (SE 5.8) 590.3 (SE 4.5) 
SS-IA 1275.9 (SE 12.8) 1218.3 (SE 11.2) 1200.8 (SE 9.2) 1185.87 (SE 9.1) 1334.2 (SE 16.1) 1294.7 (SE 17.8) 1256.5 (SE 13.5) 1217.5 (SE11.8) 
ANTERIOR 
LENGTH 
1151.8 (SE 14.0) 1081.3 (SE 12.4) 1062.4 (SE 9.9) 1041.4 (SE 10.2) 1217.1 (SE 18.0) 1160.2 (SE 18.8) 1132.8 (SE 15.8) 
1086.9 (SE 
13.3.) 
CM LENGTH ARC 4987.4 (SE 81.4) 4776.5 (SE 81.2) 4440.8 (SE 64.9) 4364.5 (SE 59.4) 
4916.36 (SE 
90.1) 
4708.4 (SE 8.5) 4744.4 (SE 78.5) 
4554.9 (SE 
79.5) 
Table A3-1. The mean (µm) values (±1 SEM) are shown for the ciliary muscle parameters for each quadrant, for the relaxed (0 D) and 
maximum accommodative demand (8 D) levels for Chapter 6. 
 
Table A3-1. The mean (µm) values (±1 SEM) are shown for the ciliary muscle parameters for each quadrant, for the relaxed (0 D) and 
maximum accommodative demand (8 D) levels. 
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ciliary 
muscle 
parameter 
(µm) 
 
Ciliary muscle quadrant 
  
  
  
  
  
  
  
  
  
  
  
E
M
M
E
T
R
O
P
E
S
 
             
 Temporal Nasal Inferior Superior 
0 D 8 D 0 D 8 D 0 D 8 D 0 D 8 D 
CMT1 629.1 (SE 10.1) 617.9 (SE 7.1) 595.9 (SE 8.5) 614.4 (SE 10.2) 670.3 (SE 82.6) 686.3 (SE 14.7) 631.5 (SE 10.1) 605.8 (SE 6.1) 
CMT2 435.3 (SE10.8) 405.9 (SE 11.1) 387.5 (SE 9.1) 389.0 (SE 14.7) 512.1 (SE 16.3) 511.1 (SE 19.9) 433.4 (SE 14.1) 406.9 (SE 12.0) 
CMT3 261.1 (SE 11.7) 227.1 (SE 12.2) 203.5 (SE 10.4) 208.3 (SE 13.0) 347.2 (SE 21.2) 325.6 (SE 24.4) 260.2 (SE 13.9)  229.0 (SE 14.9) 
CM25 593.3 (SE 8.3) 594.8 (SE 7.1) 583.3 (SE 8.1) 602.5 (SE 6.6) 636.9 (SE 10.8) 665.0 (SE 12.0) 606.4 (SE 8.6) 593.4 (SE 8.0) 
CM50 370.3 (SE 7.3) 365.5 (SE 9.7) 370.1 (SE 9.2) 369.6 (SE 11.3) 443.4 (SE 11.0) 464.0 (SE 12.4) 389.8 (SE 10.2) 371.8 (SE 10.4) 
CM75 184.4 (SE 5.9) 175.1 (SE 8.4) 182.5 (SE 4.3) 185.4 (SE 8.9) 220.0 (SE 7.6) 250.8 (SE 10.6) 196.5 (SE 6.9) 205.9 (SE 6.6) 
CMMAX 599.6 (SE 8.9) 599.7 (SE7.1) 577.9 (SE 7.3) 595.3 (SE 9.8) 631.8 (SE 11.5) 656.6 (SE 11.5) 598.3 (SE 9.6) 583.2 (SE 7.3) 
SS-IA 1233.8 (SE 
17.2) 
1184.4 (SE 8.8) 1173.5 (SE 13.3) 1182.3 (SE 11.4) 
1326.6 (SE 
23.6) 
1279.0 (SE 
35.1) 
1246.9 (SE 
20.7) 
1191.5 (SE 
13.2) 
SS-CM 1100.4 (SE 
19.1) 
1042.8 (SE 9.5) 1035.6 (SE 13.8) 1036.7 (SE 11.3) 
1205.2 (SE 
25.6) 
1136.8 (SE 
36.2) 
1113.6 (SE 
23.8) 
1057.9 (SE 
16.7) 
CM LENGTH 
ARC 
4745.6 (SE 
94.8) 
4496.9 (SE 
112.7) 
4208.9 (SE 90.8) 4218.5 (SE 89.3) 
4933.2 (SE 
132.7) 
4615.1 (SE 
148.8) 
4506.9 (SE 
112.7) 
4300.0 (SE 
131.5) 
M
Y
O
P
E
S
 
CMT1 644.5 (SE 9.5) 642.2 (SE 8.5) 621.8 (SE 6.0) 615.1 (SE 6.7) 664.7 (SE 8.8) 679.0 (SE 6.1) 613.6 (SE 6.7) 626.5 (SE 6.3) 
CMT2 459.3 (SE 9.1) 450.6 (SE 7.7) 420.0 (SE 6.9) 407.8 (SE 8.1) 483.8 (SE 12.8) 505.0 (SE 9.4) 442.8 (SE 12.8) 437.2 (SE 10.1) 
CMT3 299.2 (SE 7.5) 279.0 (SE 8.0) 246.7 (SE 8.0) 233.1 (SE 6.8) 313.7 (SE 16.2) 327.1 (SE 11.6) 289.1 (SE 13.9) 273.4 (SE 10.5) 
CM25 588.9 (SE 9.6) 595.0 (SE 8.5) 589.0 (SE 6.2) 589.2 (SE 7.6) 625.5 (SE 9.5) 648.6 (SE 6.0) 573.9 (SE 6.7) 591.1 (SE 6.3) 
CM50 365.1 (SE 9.9) 365.2 (SE 6.8) 364.7 (SE 5.0) 363.8 (SE 9.7) 415.7 (SE 10.6) 440.2 (SE 8.0) 371.8 (SE 10.4) 374.0 (SE 8.6) 
CM75 184.4 (SE 5.9) 176.2 (SE 4.1) 182.5 (SE 184.8 (SE 7.1) 220.0 (SE 7.6) 234.0 (SE 6.5) 196.5 (SE 6.9) 192.8 (SE 5.8) 
CMMAX 598.4 (SE 8.5) 610.5 (SE 5.7) 593.0 (SE 5.9) 595.2 (SE 5.9) 615.6 (SE 7.7) 639.2 (SE 5.5) 579.3 (SE 6.7) 596.2 (SE 5.4) 
SS-IA 1275.9 (SE 
15.6) 
1218.3 (SE 7.9) 1200.8 (SE 12.0) 1185.8 (SE 10.3) 
1334.2 (SE 
21.3) 
1294.7 (SE 
31.7) 
1256.5 (SE 
18.7) 
1217.5 (SE 
12.0) 
SS-CM 1193.9 (SE 
15.3) 
1112.8 (SE 
18.9) 
1084.4 (SE 12.5) 
1045.19 (SE 
16.3) 
1226.9 (SE 
25.5) 
1179.3 (SE 
17.1) 
1148.5 (SE 
21.1) 
1106.1 (SE 
18.9) 
CM LENGTH 
ARC 
5185.2 (SE 
110.9) 
5005.8 (SE 
90.2) 
4630.5 (SE 70.4) 4484.0 (SE 71.6) 
4902.5 (SE 
125.4) 
4784.8 (SE 
97.2) 
4938.7 (SE 
91.8) 
4763.4 (SE 
72.7) 
 Table A3-2. The mean (± 1 SEM) for the four ciliary muscle quadrants at 0 D and 8 D demands level for emmetropes (n= 18) and myopes (n= 22) for    
 Chapter 6. 
 
Table 0-5. The mean (± 1 SEM) measurements for the ciliary muscle parameters during relaxed accommodation and at the amplitude of 
accommodation. Table A3-2. The mean (± 1 SEM) for the four ciliary muscle quadrants at 0 D and 8 D demands level for emmetropes (n= 18) and 
myopes (n= 22). 
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Appendix 4. 
Pilot study for retinal contour study (Chapter 7) 
 
To determine the most appropriate technique for measuring on-axis and peripheral eye 
length, a pilot study was conducted using the LenStar LS900 (Haag Streit). Previous 
authors (Read et al., 2010a, Woodman et al., 2012) have used biometric data provided 
by the instrument to convert the axial length from the optical path length to the 
geometric length. Therefore, it was of interest to obtain biometric data at the various 
eccentricities at which eye lengths were measured to correct the eye length data. 
Sixteen subjects were recruited (age range 19-25 years) from the undergraduate 
cohort of Aston University. The LenStar reflects a mire consisting of several dots that 
form a circle, onto the cornea and within the pupil margins. Accurate focussing of the 
instrument enables automatic calculation of the biometric data. However, if the 
complete mire is not reflected within the pupil margin, the measurement is prohibited. 
Therefore, peripheral eye length measurements beyond 15° were not possible for four 
participants. Importantly, complete off-axis biometric measurements were difficult to 
obtain in half of the subjects recruited. Overall, peripheral eye length measures could 
only be obtained from 12 subjects (two emmetropes (mean MSE: +0.22 ± 0.02 D) and 
ten myopes (mean MSE: - 2.08 ± 1.77 D)).  
In contrast, the IOLMaster (Zeiss) uses a series of catropic images consisting of a 
central and six peripheral Purkinje images, which form a hexagon shape. Eye length 
measurements up to 30° are possible with the IOLMaster, since a value will still be 
provided even if the central dot is on the pupil edge. Therefore, the data that was 
collected and discussed for the main study is that obtained with the IOLMaster. 
However, on-axis biometric data (lens thickness, central corneal thickness and anterior 
chamber depth) were obtained with the LenStar, where possible.  
 
